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ABSTRACT
GENETIC AND PHYSICAL INTERACTIONS IN ARABIDOPSIS BETWEEN
DEVELOPMENTALLY REGULATED GTPASES, DRG-FAMILY REGULATORY
PROTEINS AND SKI-LIKE RNA HELICASES
Matthew Marcec, M.S.
Department of Biological Sciences
Northern Illinois University, 2015
Dr. Joel Stafstrom, Director
DRG proteins are encoded by an ancient highly conserved family of GTP binding protein
genes. DRG1 and DRG2 orthologs have been found in all eukaryotic organisms tested. Recent
evidence in yeast and Arabidopsis suggests that another gene SLH1 a DEAD-Box Helicase,
genetically interacts with DRG1 and DRG2. Likewise, the DRG Family Regulatory Proteins
DFRP1 and DFRP2 genetically and physically interact with their respective DRG partners.
DFRP1 and DFRP2 also interact genetically with SLH1. A triple mutation of either drg1, drg2
and slh1 or dfrp1, dfrp2 and slh1 produces an embryonic lethal phenotype. This study has two
aims. First, to characterize the several double and triple mutant combinations of the drg, dfrp,
and slh1 and second, to construct a 6-His tagged SLH1 recombinant fusion protein so that
antibodies could be made, which could be used, to further study the SLH1 proteins physical
interaction with the DRG and DFRP proteins and with ribosomes.
In order to characterize phenotypic changes in several mutations involving the DRG, DFRP,
and SLH1 genes were obtained. First, double mutants were generated. A second group of
mutants was generated in which the plant is homozygous for 2 mutant alleles and segregating for
the third (i.e. drg1, DRG2/drg2, slh1). Preliminary studies showed that such plants that such
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plants had a phenotype in which one quarter to one half of the seeds were aborted. To determine
if this abortion occurs due to a deficiency in the gametophyte or sporophyte stage of the plants
life cycle, crosses between these mutant plants and wild type plants were made. These
experiments showed that the triple mutant pollen and embryo sacs have a reduced viability.
The SLH1 DEAD-Box Helicase consists of roughly 2100 amino acid residues. Rather than
raising an antiserum against the entire protein, we chose to target two conserved regions. These
antisera recognize the cloned proteins and are specific for the regions they were designed for.
They will be of value in studying possible physical associations between SLH1, DRG and DFRP
proteins.
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INTRODUCTION

Developmentally Regulated GTPases (DRG): DRG proteins are encoded by an ancient
highly conserved family of GTP binding protein genes. DRG1 and DRG2 paralogs have been
found in all eukaryotic organisms tested; orthologs share a ~65-70% amino acid identity. This
striking conservation in eukaryotic organisms suggests that DRG proteins have an important role
in a basic function of life. DRG proteins are known to physically interact with binding partners
called DRG Family Regulatory Partners (DFRP). Each DRG ortholog has its own respective
binding partner that aids them in GTP hydrolysis when the two form a complex. Other than this,
however, the role of DRG and DFRP proteins in the cell is unknown. Recently, yeast
(Saccharomyces cerevisiae), it has been found that DRG proteins interact physically and
genetically with a DEAD-Box helicase named SLH1. In particular, these studies suggest that
DRG proteins and SLH1 proteins together may have a role in polysome recruitment (Daugeron
et al. 2010). SLH1 itself is a highly conserved protein as well. Due to the high conservation in
both the SLH1 and DRG proteins it is expected they serve a similar function in other eukaryotes.
This study aims to discover if the DRG, DFRP, and SLH1 genes have a genetic and physical
relationship in plants. If this relationship appears to be similar to that in yeast then it would
suggest the proteins share a common function. Using Arabidopsis thaliana as a model organism
we used genetic and molecular biological approaches to further our understanding of how these
proteins interact with one another. Our hypothesis is that DRG proteins and their DFRP and
SLH1 partners do have a genetic and physical association in plants as they do in yeast and are
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likely to have a role in translation regulation or some aspect of energy regulation. This
introduction will outline general features of G-proteins and DEAD-Box helicase, and will
highlight why they are of vital importance to living organisms. The known biochemical and
genetic information available for DRG, DFRP and SLH1 proteins will also be discussed
presenting evidence that DRGs may have a role in translation regulation. Finally our approaches
to discovering what roles DRG proteins may have in higher plants also will be outlined.
P-Loop GTP-Binding Proteins: GTP-Binding proteins (G-Proteins) represent a very large
group of proteins that act in many fundamental processes within the cell. Nucleotide binding
proteins have the ability to hydrolyze nucleoside triphosphates and often use them to obtain
energy in order to perform their respective functions. Adenosine triphosphate (ATP) is often
considered the primary energy source for the cell and is used by proteins in metabolic pathways
such as glycolysis and the Calvin cycle to fuel many of life’s processes. Guanine triphosphate
(GTP) is another a key nucleotide that many proteins hydrolyze as well. GTP is often produced
in the mitochondria by succinyl thiokinase as it hydrolyzes succinyl CoA into succinate and CoA
and thus is readily available in the cell (Vetter et al. 1999). GTP is extremely important to basic
cellular function as an energy carrier, and also as an activator and deactivator of various signal
cascades. When bound to GDP a G-protein is considered “off” and when exchanged for GTP the
proteins function is turned “on”. GTP is then hydrolyzed back to GDP serving as an energy
provider for the protein. This hydrolysis also serves to transmit information in signaling
cascades. Proteins that utilize GTP are believed to have existed in the last common ancestor to
all life. These proteins have been characterized into many groups, families and subfamilies
according to their conserved amino acid motifs and functions. The monomeric G-proteins,
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otherwise known as the P-Loop GTPases, are one superclass. The other is known as the
heterotrimeric G-proteins. (Leipe et al. 2002).
This thesis is concerned with DRG P-Loop GTPases. P-Loop GTPases are proteins that only
have one subunit that acts biochemically like the activating subunit of the heterotrimeric Gproteins. These subunits are activated by GTP, which is then hydrolyzed to GDP thus rendering
the protein inactive. P-loop GTPases are considered relatives because they share the P-loop
motif in their structure. The P-loop is generally a GXXXGK(ST) sequence pattern and is found
connected to an alpha helix also called a P-Loop Walker A motif. Also a conserved region
hhhhDXXG (h stands for hydrophobic residue) called the Walker B motif that is associated with
NTP binding exists in all P-Loop proteins as well alongside the P-Loop region (Walker et al.
1982). The P-loop serves as a mononucleotide binding site and in the case of GTPases shows
preference for guanine nucleotides. P-Loop class proteins have a very high affinity for binding
GDP and GTP thanks to this conserved region. Often times the cycling of GTP to GDP is
controlled by two types of regulatory proteins, namely Guanine-nucleotide-exchange factors
(GEFs) and GTPase-activating proteins (GAPs) which can be structurally different but
mechanistically similar. GEFs promote the activation of GTP binding form of the GTPase
whereas GAP promotes the GDP binding state of the protein (Bernards et al. 2004). P-Loop
GTPases represent a large percent of all gene products in most cellular organisms including
yeast, zebrafish and Arabidopsis. They are by far the most abundant G-Proteins within the cell
with 60 distinct groups (Leipe et al. 2002). Yet, functions of the many P-Loop GTPases
functions remain poorly characterized.
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P-Loop GTPases are divided into two major classes, the Signal Recognition Particle, MiniD,
and BioD (SIMIBI) class and the Translation Factor (TRAFAC) class (Figure 1). DRG proteins
belong to the TRAFAC class. TRAFAC class GTPase all share a conserved T or S amino acid in
their GTP binding loop between the second and third strands that can hydrogen-bond to an Mg++
cation allowing GTP hydrolysis. TRAFAC class proteins also have serine residue in strand 7,
which is what determines that Guanine will be bound rather than some other nucleotide
(Gorbalenya et al. 1990). The TRAFAC class proteins are enzymes not only involved in
translation, as they also function in cell signal transduction, cell motility and intracellular
transport as well. Well known TRAFAC class members include the Ras protein involved in cell
proliferation. When constitutively activated, Ras becomes an oncoprotein that can cause cancer.
Other proteins in the Ras family include Rho, Rab, Ran, and Arf which all share the similar
biochemical mechanisms. Rho is particularly interesting in its ability to organize actin for the
purpose of cell cycle progression (Wennerberg et al 2005). Although Ras and many other
TRAFAC class GTPases are involved in many cell functions it is hypothesized that the original
GTPase had an enzymatic role in translation and then diversified into other important cellular
roles. Many in fact still are integral parts of the translational mechanisms (Leipe et al. 2002).
For instance elongation factor 2B (eIF2B) is a TRAFAC GTPase that, when hydrolyzed, serves
as a delivery system of the charged methionyl-tRNA to the ribosomal 40s complex to initiate
translation in eukaryotes such as plants and humans. Prokaryotic elongation factor thermos
unstable (EF-Tu), the first GTPase whose 3D structure was determined is a TRAFAC class of Gprotein that aids in bringing the tRNA to the ribosome in translation as well (Roy et al. 2013).

Figure 1: Relationships of the GTPase families with OBG and DRG
marked (Leipe et al. 2002).
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Due to these basic facts about the TRAFAC class it is a logical first step in studying G-proteins
within it to examine the possibility of their involvement in the translation regulation processes.
The OBG Family:

The primary focus of this study is a small group of P-Loop GTPases

named Developmentally Regulated GTPases (DRG) proteins, which belong to a subfamily of the
OBG proteins. Both OBG and DRG proteins are believed to have been derived from a protein
likely to have been present in the last common ancestor of all life (Figure 1). OBGs themselves
are members of the OBG-Hflx superfamily characterized by a conserved phenylalanine residue
in the loop at the N-terminus. OBGs also have a conserved glycine rich domain
GAXXGXGXGXXX following their Walker B motif outside the active site at the N-Termnius
(Buglino et al. 2002). OBG/DRG proteins share a distinctive domain at the C-terminus named
TGS, after the ThrRS, GTPase, and SpoT/RelA protein families in which it was first found to
occur (NCBI 2014). The TGS domain is predicted to be an RNA binding domain thought to
associate OBG proteins with ribosomes (Buglino et al. 2002). OBG proteins are extremely
important to bacteria and orthologs (Table 1) are highly conserved within all bacteria groups.

Table 1: Definitions of frequently used terms in this study that
describe protein and gene evolutionary relationships (PubMed).
Homolog
A gene related to a second gene by descent from a common ancestral
DNA sequence. The term, homolog, may apply to the relationship
between genes separated by the event of speciation (see ortholog) or to
the relationship between genes separated by the event of genetic
duplication (see paralog).
Ortholog
Orthologs are genes in different species that evolved from a common
ancestral gene by speciation. Normally, orthologs retain the same
function in the course of evolution. Identification of orthologs is critical
for reliable prediction of gene function in newly sequenced genomes.
(See also Paralogs.).
Paralog
Paralogs are genes related by duplication within a genome. Orthologs
retain the same function in the course of evolution, whereas paralogs
evolve new functions, even if these are related to the original one.
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Knockout OBG mutants in E-coli are lethal and thus OBGs are believed to be essential in all
bacteria. The TGS domain within OBG’s has been shown to be vital to bacterial stress responses
(Buglino et al. 2002). Recent data also has suggested that OBG proteins may have a role in
sensing GTP levels in the bacterial cell. In starvation situations, OBGs binding to GDP rather
than GTP will stimulate the activation of developmental genes to be transcribed. It is thought
that OBGs communicate the lack of energy to these pathways that in some way triggers their
activation. OBGs also appear to act as negative regulators of the “stringent response” by bacteria
under amino acid starvation. OBG regulates this stress response by governing SpoT, the protein
that regulates the stringent response in conditions other than amino acid starvation by its
hydrolase activities (Kint et al. 2013). OBG orthologs are also found in mitochondria and
chloroplasts. Arabidopsis thalianas, AtOBGL encodes an essential protein in the chloroplast
necessary for embryo development. Arabidopsis and algal OBG-like proteins possess an extra
N-terminal domain indicating probable change in function from the original bacterial ancestor.
Knockout AtOBGL mutants arrest in development in the globular stage of embryo development,
and although their exact function is unknown, this shows their essential role for plastids in
developing a healthy living plant (Chigri et al. 2009). DRG proteins are a subfamily within the
OBG’s although they are only found in eukaryotes and archaea. Considering the importance of
their bacterial relatives it is likely that DRGs play equally important roles in essential processes
of life.
The DRG Protein Family: The DRG protein subfamily of the OBG proteins is the primary
focus of this study. The first DRG protein was characterized in mice in 1992 and soon after a
homolog was found in humans (Ishikawa et al. 2009). The first of the two DRG paralogs was
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thus called DRG1 and the second DRG2. DRG proteins in other organisms such as mice and
zebrafish show similar high levels of DRG1 and DRG2 expression first in developing brain
tissues, hence the namesake, however DRG proteins have subsequently been found in other
tissues as well (Ishikawa et al. 2009). Arabidopsis has a third DRG paralog called DRG3. All
eukaryotes and archaea examined thus far contain DRG proteins. Archea only have one DRG
whereas every eukaryote, including humans have at least two paralogs, DRG1 and DRG2.
Orthologous DRG proteins share a 65-70% amino acid identity. The DRG1 and DRG2 paralogs
within the same species share a 55-60% amino acid identity (Stafstrom 2008). This remarkable
conservation suggests that DRG proteins have an important role in the mechanisms of the cell.
DRG1 and DRG2 are found in developing plant tissues in both pea and Arabidopsis (Nelson et
al. 2009). Interestingly DRG1 and DRG2 seem to aggregate under heat stress in Arabidopsis.
DRGs appear to be protected by the heat shock proteins and, consequently, probably have little
to do with tolerance to heat stress. In humans DRG1 and its binding partner, DFRP1, hydrolyze
GTP optimally at 42oC and stabilize as the temperature increases in the cell showing that it is
potentially active under heat stress conditions (Perez-Arellano et al. 2013). The Arabidopsis
DRG3 paralog shares a 95% identity with DRG2 and expressed in extremely low abundance in
most plant tissues. DRG3 expression (mRNA accumulation) increases 100 times fold under heat
stress in Arabidopsis and may do so in order to fulfill the reduction of DRG2 in such stressful
scenarios (Srygler 2012). DRG1 proteins in all species examined contain between 365-370
amino acid residues and are roughly 41 kDa in mass. DRG2 proteins from plants have an extra
32 amino acids at their C-terminus and are thus roughly 44.5 kDa. In Arabidopsis DRG1 has an
apparent mass of 43 kDa and DRG2 44.5 kDa. DRG proteins have been shown to hydrolyze and
bind to GTP in mouse, Drosophila, and Arabidopsis (O’Connell et al. 2009). In Arabidopsis
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DRG’s can hydrolyze GTP in vitro at a slow rate similar to OBG proteins and can accomplish
this hydrolysis without assistance from any other proteins. Binding to DFRP proteins increases
GTP hydrolysis efficiency (O’Connell et al. 2009).
DRG1: DRG1 is the best characterized of the two DRG proteins in eukaryotes. The protein
crystal structure of Rbg1 (DRG1 orotholog in yeast) has been determined in a complex with
Rbg1’s binding partner Tma46 (DFRP1 orotholog in yeast) (Figure 2).

Rbg1 has five GTP

binding boxes that make up the G-Domain, which are conserved in Arabidopsis as well (Figure
3) and allow for GTP binding (NCBI). The surface of Rbg1 contains two switches which change
conformation upon GTP binding (Buglino et al. 2002). The G1 box is the P-loop/Walker A motif
that characterizes it as a P-loop G-protein. As in its relatives, the Rbg1 P-Loop aids in the
binding of the alpha and beta phosphate groups in the active site of the protein called the Gdomain. The G2 box overlaps with the surface switch one and contains the T/S residues that like
its P-loop relatives binds the Mg++ cation to aid in the GTP hydrolyses reaction in the active site
(Wennerberg et al. 2005, Francis et al. 2012). The G3 box with its characteristic DXXG motif
includes the Walker B motif that uses the D residue to form a water bridge with the Mg++ cation.
The G residue in this domain provides an H-bond to the gamma phosphate of GTP via the
backbone amine (Panditt et al. 2003, Francis et al. 2012). The G4 box is characterized by a
(N/T)KXD motif and in yeast has been shown to bind directly to the nucleotide via the K and D
residue. The G5 box is weakly conserved in yeast and Arabidopsis. In AtDRG1the G5 box
according to a BLAST search contains (C/S)A(K/L/T) motif (NCBI) whereas in yeast it
comprises of a ISS motif. It is believed in yeast to be a recognition site for guanine (Francis et
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al. 2012). This G-domain has been suggested to facilitate RNA binding in other GTPase protein
families as well (Anand et al. 2006).
Besides the conserved G-Domain, Rbg1 from yeast and DRG1 from Arabidopsis share the Cterminal TGS domain (Figures 2 and 3). This domain links them to the greater OBG family and
was originally thought to imply RNA binding (O’Connell et al. 2009). Studies of Rbg1,
however, reveal that the TGS domain in fact seems to be necessary for the interaction of Rbg1
with its binding partner Tma46s, the ortholog of Arabidopsis DFRP1, via its DFRP domain.
DFRP1 and Tma46 which will be discussed in more detail in the next section of this report, binds
poorly with the DRG1 that lacks a TGS domain. In yeast, deletion of the TGS domain along
with the helix turn helix domain (HTH) that lies on the distal side of the G-domain inactivates
the protein (Figure 1).

The removal of the S5D2L domain, which is similar to the bacterial 30s

ribosomal subunits C-terminal domain (hence its name), causes yeast to act similarly to Rbg1
mutant strains lacking the full Rbg protein. Although this biochemical analysis shows little
about the function of Rbg1 it does show how the protein interacts with its binding partner, and an
association with ribosomes again suggests a role in translation regulation (Francis et al. 2012).
DRG1 and DFRP1 orthologs in mouse have also have been shown to associate with polysomes.
In Arabidopsis DRG1 associates with ribosomes in general (Nelson et al. 2009, Ishikawa et al.
2013). Biochemical analysis of DRG1 and the DFRP1 ortholog in humans Lerepo4 has shown
that binding to Lerepo4 increases thermo-stability and efficient GTP binding. As in yeast the
TGS domain is necessary for optimal GTP hydrolysis and Lerepo4 binding activity in human
DRG1 as well (Perez-Arellano et al. 2013).
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Figure 2: The crystal structure of the yeast DRG1 ortholog Rbg1 (Francis et al. 2012).
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MSTIMQKIKE IEDEMAKTQK NKATSHHLGL LKAKLAKLRRDLLAPPTKGGGGGAGE
GFDVTKSGDSRVGLVGFPSVKSTLLNKLTGTFSEVASYEFTTL TCIPGVITYR GAKI
QLLDLP GIIEGAKDGK GRGRQVISTA RTCNCILIVLDAIKPITHKRLIEKELEGFG
IRLNKEPPNLTFRKKDKGGI NLTSTVAVTH LDLDTVKAIC GEYRMHNADITLRYD
ATADDLIDVIEGSRIYCIYAVNK IDSITLEELE ILDKLPHYCP VSAHLEWNLDGLL
DKIWEYLDLTRIYTKPK AMNPDYDDPV ILSSKKRTVEDFCIRIHKDM LKQFKYALV
W GSSAKHKPQR VGKEHELEDEDVVQIVKKI
Figure 3: The amino acid sequence and NCBI BLAST results from At4g39520 (DRG1).

DRG2: The yeast DRG2 ortholog has not been analyzed biochemically in detail. DRG2 has
the same G-domain and TGS domain linking it to the greater OBG/DRG family tree (Figures 3
and 4). DRG2 also has a binding partner called, DFRP2, and it is assumed the TGS domain aids
in their association as well (Francis 2012). Mutation analysis in yeast has shown DRG2 to
require nucleotides to bind to its binding partner DFRP2. Also recent studies in yeast have shown
that their DRG2/DFRP2 orthologs Rbg2/Gir2 are necessary for efficient yeast growth under
amino acid starvation conditions. As with binding of DFRP1 to DRG1, formation of the DRG2DFRP2 complex leads to increased GTP hydrolysis. What mostly sets DRG2 apart from DRG1
is its overall mass at 44.5 kDa due to the 32 amino acid residue extension on the C-terminal end.
Like DRG1, DRG2 has been found to associate with cytosolic ribosomes in yeast and
Arabidopsis. The most distinct aspect to DRG2 is that it apparently undergoes some form of
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proteolysis. In root apices of both pea and Arabidopsis, it has been shown via Western blot
analysis that DRG2 antibodies recognize not only a 45 kDa band but a 43 and 30 kDa band as
well. Thus far the reason for this DRG2 behavior is unknown (Nelson 2009).

MGIIERIKEI EAEMARTQKN KATEYHLGQL KAKIAKLRTQ LLEPPKGASG GGEGFE
VTKY GHGRVALIGF PSVGKSTLLT MLTGTHSEAA SYEFTTLTCI PGVIHYNDTK I
QLLDLPGII EGASEGKGRG RQVIAVAKSS DLVLMVLDAS KSEGHRQILT KELEAVG
LRL NKTPPQIYFK KKKTGGISFN TTAPLTHIDE KLCYQILHEY KIHNAEVLFR EN
ATVDDFID VIEGNRKYIK CVYVYNKIDV VGIDDVDRLS RQPNSIVISC NLKLNLDR
LL ARMWDEMGLV RVYSKPQGQQ PDFDEPFVLS SDRGGCTVED FCNHVHRTLV KDM
KYALVWG TSTRHNPQNC GLSQHLEDED VVQIVKKKER DEGGRGRFKS HSNAPARIA
D REKKAPLKQ
Figure 4: The amino acid sequence and NCBI BLAST results from At1g17470 (DRG2).
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The DFRP Protein Family: Developmentally regulated GTPase Family Regulatory Proteins
(DFRP) are binding partners of the DRGs. As with DRGs they have also been detected in all
eukaryotic species examined but are less conserved. Some species such as, Physcomitrella
patens, a moss, have two members of each DFRP group (http://www.phytozome.net/). DFRP1,
the binding partner for DRG1, shows a 51% amino acid identity among all species examined
whereas DFRP2, the binding partner for DRG2, is 46%. Other than the 60 amino acid DFRP
domain, required for binding of the DFRP to its respective DRG partner, the two DFRP
homologs are very dissimilar to each other (Figures 5 and 6). DFRP1 binds to DRG1with high
specificity. DFRP2 shows a high affinity to DRG2, but can bind to DRG1 more weakly
(Ishikawa et al. 2013). The DFRP proteins appear to regulate the DRG proteins and are
apparently necessary for DRG proteins association with ribosomes in yeast (Daugeron et al.
2010).
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MPPKQQPKADLAKKQKQVEDKTFGLKNKNK SKNVQKYVQS LKQSVQPKPDATKAAAKKKK
EEEKAREQELNELFKVAISQPKVPVGVDPK SILCEFFKAG QCQKGFKCKFSHDLNIQRKG
EKIDIYSDTRDEDGDMDEWDQETLEKVVES KKNEYNQNKPTDIVCKYFLDAVEKKQYGWF
WSCPNGGKEC HYRHALPPGYVLKSQMKALLEEESSKKLAVEDEIENERAKLQTATQMTPAL
FMEWKRKK AERDAGLAASQAERAKNDRM SGRELFLSNASLFVDDAEACEEYEREREQE E
TEQKAKNKEAEAGTSKSSGDAEQSSKEVNEEEEDDDDDDDDLDMDELDLEASLSKTSIQIRE
PNDEGSS
Figure 5: The amino acid sequence and NCBI BLAST results of At2g20280 (DFRP1) shows a
conserved zinc finger domain and DFRP domain in bold amino acids 234-295 near the Cterminal end

Tma46, the DFRP1 ortholog in yeast, has been biochemically characterized in complex with
its partner Rbg1 (Figure 2). Although the amino acid sequence of the DFRP1 orthologs in yeast
and Arabidopsis share only a 45% amino acid identity, both contain a DFRP domain and a
CCCH zinc finger domain (Figures 2 and 5). In yeast, Tma46 loosely associates with Rbg1 via
the C-terminal end of Tma46 which contains the alpha helix rich DFRP domain along with the
G-domain and TGS domain of Rbg1. The TGS and DFRP domains aid in DRG1/DFRP1
binding in humans as well (Perez-Arellano et al. 2013). Tma46 thus envelops Rbg1 but does not
contact the HTH and S5D2L domains. It binds to Rbg1 without nucleotide binding being
required, although binding improves the efficiency of DRG1s hydrolysis of GTP. Most
intriguing, is a Rbg1-Tma46 complex is required for the recruitment of Rbg1 to polysomes
(Francis et al. 2012). Evidence for this interaction was also shown in DRG1-DFRP1 polysome
association in humans and mice (Ishikawa et al. 2009). It is possible that this association with
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ribosomes and RNA may be due to the CCCH zinc finger domain, which is conserved in all
DFRP1 orthologs. Interestingly, the CCCH domain in human DFRP1 homologs prevents DRG1
from being ubiquinated and thus degraded (Perez-Arrellano et al. 2013). Zinc finger domains are
often found in proteins that bind to DNA and RNA. In fact, RNA polymerases and many
ribosomal proteins, contain zinc finger domains. The HIV virus uses a zinc finger domain to
recognize its retro viral genome. Zinc fingers also play important roles in lipid binding and
protein chaperone functions (Laity et al. 2001). The CCCH motif, although uncommon, has
been shown to associate with mRNA and DNA in several transcriptional and translational
regulatory proteins (Lai et al. 2000). With the CCCH domains present in Arabidopsis orthologs
of DFRP1 it is possible it has a role in translation, perhaps in polysome recruitment as in yeast.
Similar to its binding partner DRG2, the biochemical properties of the DFRP2 protein has not
been thoroughly analyzed yet. DFRP2 has been shown to have a high affinity for DRG2 in all
organisms studied (Ishikawa et al. 2005). In yeast the Rbg2-Gir2 (DFRP2 ortholog) complex has
been shown to associate with polysomes, similar to the Rbg1-Tma46 complex (Daugeron et al.
2011). In mouse this is not the case (Ishikawa et al. 2009). DFRP2 has a RING finger
containing proteins, WD-repeat-containing proteins and DEAD-like helicases (RWD) domain
that exists in all DFRP2 orthologs examined (Figure 6). The RWD domain is characterized by
an YPXXXP motif. In mouse the GCN2 protein contains this domain and it is a part of the
eIF2α translation initiation kinase that is a part of the complex that brings in the tRNAmet to the
40S subunit of the ribosome. The RWD domain is also similar in E2 ubiquitination -conjugating
enzymes as well (Nameki et al. 2004). DFRP2 in Arabidopsis is also very similar to the eIF2d
initiation factor that shuttles the non-met tRNAs to the P-site of the ribosome (Dmitrev et al.
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2010). Recent evidence in yeast has also shown that the Rbg2/Gir2 complex associates with
Gcn1. Gcn1 in yeast activates Gcn2, which is required for efficient regulation eIF2a under
stress. Gir2 can actually substitute for Gcn2 when overexpressed perhaps meaning it relieves the
protein in amino acid starvation or other stressful situations or it may control cell homoeostasis
in normal conditions. DFRP2 may likely to play a role in translation considering its conserved
RWD domain, responsible for the association with Gcn1 a very important piece translational
machinery. Dysregulation of eIF2a in humans has been linked with cancers, diabetes, eating
and neurological disorders (Ishikawa et al. 2013). If DRG2/DFRP2 regulates an important step
in translation then it is very important to study. It should be noted here that there is no obvious
homolog to Gcn1 known in Arabidopsis.

MTEYKQEQEMEIEALEAILMDEFKEIHSSE SGLNTSNRCFQITVTPQDDELEELAIPPVQ
LALVFSHTENYPDEAPLLDKSIRGIHVSDLTILKEKLEQEASENLGMAMIYTLVSSAKDWL
SEHYGQDDAAEFAEVEAA KEDEVIVPHGEPVTLETFLAWRERYEAELALERAKLMPESAL
TAPKEKKLTGRQWFESGRGRGTVVIADEEDEEEDEEDIDFEDEDFEDDEEDMLEHYLAEKS
DSSAPPTRT
Figure 6: The amino acid sequence and NCBI BLAST results of At1g5130 (DFRP2) shows the
conserved RWD domain and DFRP domain in bold amino acids 132-187 near the C-terminal
end.
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Genetic Interactions between DRG and DFRP Proteins: In yeast, single and double
knockouts of both the genes encoding DRG1, DRG2 or DFRP1, DFRP2 have no phenotype
(Daugeron et al. 2010). In Arabidopsis this is not the case. The mutant drg1 single knockout
have shown to flower slightly sooner than wild type. No phenotype has been observed with the
drg2 mutant lines. Double knockout mutants of drg1, drg2, which we refer to as 12 mutants,
have a clear phenotype. Such plants are smaller and yellowish in color compared to wild type.
Double drg 12 mutants also show reduced rates of root growth. Since the entire plant is
apparently affected by the lack of DRG proteins, the phenotype itself gives little clue to their
precise cellular function. Yet, this 12 phenotype is a useful tool in identifying drg1, drg2 double
mutants. Also, it shows that DRG1 and DRG2 complement each other genetically and it suggests
that the processes that DRG1 and DRG2 contribute to are valuable to the health of the plants.
Likewise, single mutations in the DFRP homologs show no obvious phenotype but the double
knockout does. The double mutant dfrp1, dfrp2, called ab, also shows a phenotype compared to
wild type. The ab phenotype is not as severe as the 12 phenotype but certainly shows that DFRP
genes are important to the wellbeing of the plant as well (Stafstrom 2008). One aim of this study
is to further quantify the traits of the 12 and ab phenotypes via phenotype analysis. Traits such
as root and shoot growth, flowering timing, days to senescence, and silique (Arabidopsis fruits)
quality were examined. Often times in translational mutants these traits are affected but in subtle
ways, so DRG and DFRP mutants will be examined in this way as well (Roy et al. 2013).
A recent study of yeast Rbg1, Rbg2 and their binding partners demonstrated a genetic
interaction with another protein. In yeast, any double mutation among the DRG or DFRP
orthologs showed no changes in rates of growth. However, when a third gene encoding an RNA
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DEAD-Box helicase called Ski-Like Helicase 1 (SLH1) was knocked out in tandem, the triple
mutant grew very slowly. Upon further examination it was found that these mutants had a deficit
in polysome recruitment (Daugeron et al. 2010). Due to the physical characteristics of the
DRG/DFRP families that point to a role in translation, it is reasonable to inquire if this
relationship exists in Arabidopsis as well. All three genes, including SLH1, are highly conserved
in yeast and Arabidopsis. The Stafstrom lab has set out to obtain T-DNA insertion knockouts of
SLH1 and explore the possibly of its genetic and physical interactions with the DRG and DFRP
protein and gene families within the plant. Being a model for all higher plants, Arabidopsis was
chosen for this study due to the wealth of knowledge and the availability of knockout mutations.
The DEAD-Box Helicase Family:

The DEAD-Box helicase family is a large and highly

conserved family of RNA helicases involved in many cellular processes. The DEAD-Box
helicase family was first characterized in the translation factor eIF4A. The DEAD-Box helicase
family gets its name from the DEAD motif found in the Motif II, a part of the Walker B region.
Seven total motifs are conserved in all DEAD-Box helicases six of which are also found in Ski2
and DEAH RNA helicases. DEAD-Box Helicases are found in all eukaryotes and prokaryotes
examined and are involved in many aspects of RNA metabolism. DEAD-Box helicases also
contain a Walker A motif like P-Loop GTPases but differ in size and bind to ATP rather than
GTP. Motif IV, a T/S containing domain, is responsible for ATP hydrolyses, and motifs I, III,
IV, and V are thought to be involved in RNA interactions. In order to interact with RNA it has
been found that DEAD-Box helicases depend on many other proteins to aid them in their
respective functions (Linder 2006). ATP is required for the DEAD-Box helicases to clamp and
unwind the often short RNA duplexes with which they associate. This is accomplished via two
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helicase domains that contain an ATP binding site. RNA will bind to the domain opposite to the
ATP binding site forming a cleft, which then will close, hydrolyze ATP and allow the helicase to
unwind the RNA. DEAD-Box helicases are distinctive in that they bind directly to the RNA and
literally pry the nucleotides of the strand apart with single strands nearby. This phenomenon is
called local strand separation (Yang et al. 2007). DEAD-Box helicases can be very large.
Arabidopsis SLH1, for example has a predicted mass of 244 kDa.
DEAD-Box helicases participate in a wide variety of processes in the cell that require RNA
binding and unwinding. Humans have 37 transcribed DEAD-Box helicases, whereas Arabidopsis
has 58 (Mingam et al. 2004). DEAD-Box helicases and their associated protein partners mediate
critical processes such as transcription, translation, RNA decay, miRNA processing, RNA
storage, RNA splicing, RNA export and ribosomal biogenesis. Perhaps the best known DEADBox Helicase is the eIF4A part of the eIF4F complex, which is necessary for mRNA binding to
the ribosome. Like all DEAD-Box helicases eIF4F is the target for regulation by many other
proteins, many of which are not well characterized. In fact DEAD-Box helicases can often
function in complexes along with hundreds of other components and are thus difficult to study
when isolated (Linder et al. 2011). Plant eIF4F complexes are different from other eukaryotes in
that they have different specificities for different mRNA’s (Mayberry et al. 2009). Two DEADBox helicases related to SLH1were used as negative controls in this study (Table 2). Brr2b,
encoded by At1g20960, has the closest in amino acid sequence to SLH1 (46% identity). Brr2b
participates in proper Pre-mRNA splicing of Arabidopsis genes involved in cold stress
responses. Some of these cold response genes in fact have been up-regulated via molecular
engineering techniques in poplar and eucalyptus trees in order for them to survive mild winter
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conditions in the southern USA allowing for year- long lignin production (Guan et al. 2013).
RCK, encoded by At3g27730 named ROCK-N-ROLLERS causes the meiotic spindle to “rock” in
loss of function mutants (Chen et al. 2005).
Table 2: A list of DEAD-Box helicases related to SLH1 in Arabidopsis.
Arabidopsis Gene Encoded Protein Function
name

Amino Acid
Identity
to SLH1

At1g54270

eIF4A

18%

At1g20960

Brr2b

At3g27730
At5g61140

RCK
SLH1

mRNA binding to ribosome
for translation
Pre-mRNA splicing in cold
tolerance response
Meiotic crossover formation
Unknown yeast ortholog
thought to aid in polysome
recruitment

46%
30%
100%

Ski-Like Helicase One (SLH1): SLH1 is the main focus of this thesis. The SLH1 gene
consists of 13,609 base pairs and encodes a predicted protein containing 2171 amino acids with a
mass of 244 kDa. Named for its similarity to Ski2 helicases, SLH1 contains all the characteristic
domains of DEAD-Box helicases and has a Sec63 domain as well (Figure 7). The domain, Sec
63 also called the Brl domain, and is found in the Sec 63 Hsp40 and Hsp70 heat shock proteins.
The Brl domain in Sec63 is necessary for translocation of proteins into the endoplasmic
reticulum via formation of a SEC complex. The Brl domain is homologous to the U5 200-kDa
protein family of RNA helicases and is also conserved in Brr2b DEAD-Box helicase the closest
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DRG1

Micro Array expression data for proteins
in this study
Figure 7: A NCBI Blast results for At5g61140 (SLH1) shows DEAD-Box domains and the Sec63
domain to be conserved. SLH1 is a 244 kDa protein with over 2100 amino acids and thus the amino acid
sequence has been omitted for space constraints. Micro array data in the box below shows low expression
in all DRG, DFRP gene families and SLH1 (At5g61140 = SLH1, At4g39520 = DRG1, At1g51730 =
DFRP1, At1g17470 = DRG2, At2g20280 = DFRP2, and At1g72660 = DRG3). All gene families
expression patterns are very similar except for DRG3 which has a very low expression. This shows a
typical housekeeping gene pattern of expression. Micro array data under stress, hormone treatment, and
light treatments are basically the same except in the case of the DRGs which seem to be expressed higher
under heat stress at which times DRG3 is expressed 100 fold (Schmid et al. 2005).
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relative to SLH1 in Arabidopsis. Mutants lacking this Brl domain in yeast cannot form Sec63
and Sec61 complexes, and therefore cannot translocate polypeptides across the ER membrane
(Jermy 2005). SLH1 also shares 30% identity with RCK which is an important helicase in the
meiotic process. SLH1 shares close identity in both moss and yeast as well (NCBI). SLH1’s
function remains elusive despite its high level of conservation and important functional domains.
Genetic Association of SLH1 with DRG and DFRP Gene Families: As discussed above,
yeast SLH1 is necessary for effective translation initiation and triple mutants have a reducedgrowth phenotype. Single mutants of slh1 show no distinct difference from wild type. Attempts
to obtain triple drg1, drg2, slh1 (12s) and dfrp1, dfrp2, slh1 (abs) triple insertion mutants by
members of the Stafstrom lab have been unsuccessful to date. This suggests that these genotypes
may be lethal to the plant. If this is the case, it suggests that DRG, DFRP and SLH1 proteins
may also be involved in some critical process in yeast. Certainly the structures of these proteins
suggest a role in translation regulation. This study will characterize combinations of double drg,
slh1 and dfrp, slh1 mutants by obtaining slh1 T-DNA insertion knockouts obtained from SALK
institute (Figure 9). Three different slh1 alleles were obtained, two of which were used
extensively for this study.

T-DNA Insertion knockouts were also obtained for RCK (Figure 8)

to use as a negative control. These triple mutants from that line showed 12 like qualities along
with the RCK phenotype qualities as well, namely 13% embryonic lethality (Chen et al. 2005).
This suggests that the potentially lethal drg, dfrp, slh1 triple mutant phenotype is real. Double
mutants consisting of each of the drg and dfrp genes were established with slh1 i.e. drg1-slh1
(1s), drg2-slh1 (2s), dfrp1-slh1 (as), dfrp2-slh1 (bs). Each cross will include a homozygous wild
type allele for one of the five genes and mutant for the other two (Table 3). They were
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characterized for a myriad of traits. Root growth and hypocotyl growth via root assays were
done to see if the double mutant early growth rate compares to 12, ab and wild type. Likewise,
shoot height, growth rate, days until flowering time, flower number, leaf number, leaf shape and
size, rosette size, days to senescence, branching, silique number, silique length, and seeds per
silique were quantified and analyzed statistically. In many translational-related gene knockouts,
these qualities are affected, but are not generally lethal to the plant unless combined with other
gene knockouts. In addition, if any clear phenotype differences are noted, it will be easier to
identify double mutant plants.

Table 3: Double and triple mutant crosses. The following crosses were established in order to
study the genetic relationship between the DRG, DFRP gene families and SLH1. Both T-DNA
insertion mutants (Figure 9) of SLH1 were used with the expectation they would show the same
phenotype in the double mutants if any can be detected. 1 = drg1, 2=drg2, a=dfrp1, b=dfrp2,
s=slh1, the apostrophe signifies a heterozygote for that allele.

Parental
Generation
12 X s
ab X s

F1 Generation
1’ 2’ s’
a’ b’ s’

Diploid Double
mutant genotypes
1s, 2s
as, bs,

Diploid Double mutant genotypes
heterozygous for one allele
1’2s, 12’s
a’bs, ab’s

Triple
mutants
12s
abs

If either or both Arabidopsis triple mutants proves to be lethal ( drg1, drg2, slh1 (12s); dfrp1,
dfrp2, slh1 (abs)) in Arabidopsis , it will be of interest to study plants heterozygous for one of
the DRG/drg and DFRP/ dfrp alleles and homozygous mutant for the other two (Table 3). Such
plants should produce triple recessive mutants in one quarter of the progeny. By examining the
siliques of Arabidopsis in such plants, it is hypothesized that one fourth of the seeds will be
missing from the silique. These silique assays will quantify the number of seeds per silique (a
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normal silique houses 50-60 seeds). If non- Mendelian results are obtained it may suggest
interesting features of the mutations. Also the length of the silique might be shorter if fewer
seeds were produced, thus providing a simple way to identify them. Also we might study
embryonic lethals to find out at what point the embryos are aborted and the nature of the lethal
mutation (Boyles et al., 2001, Muralla et al. 2011). This can be done by observing wild type
plants in various stages of silique and seed development and comparing them to the triple
mutants. Optical microscopy was used to determine the stage at which the abortions occur.
Plants, unlike yeast and humans, have an “alternation of generations” lifecycle. That is, a
multicellular haploid generation alternating with a multicellular diploid generation. The haploid
gametophyte often expresses genes differently than the diploid sporophyte. If the mutation of
the genes in this study cause lethality discovering if the mutation is a gametophytic or
sporophytic event may give insight into how this mutation affects the plants reproductive
abilities. This could be tested by crossing wild type pollen or embryo sacs with the mutant
gametophytes and using PCR to detect the presence of the mutant alleles. If the results showed
no mutant alleles, which only the mutant haploid gametophytes could pass on, in the sporophyte
when the mother plant is a mutant crossed with wild type pollen it would suggest a gametophytic
lethal occurs within the embryo sac. If mutant pollen were used to fertilize a wild type embryo
sac and no mutant alleles were present it, would suggest a pollen deficiency. If wild type alleles
were present in half the progeny of either cross, it would suggest the triple mutant sporophyte
alone was aborted but the triple mutant gametophyte would survive. If less than half the progeny
had wild type alleles it might suggest the triple mutant gametophyte, though weak as in yeast,
would be rescued by the sporophyte with a wild type allele present. These observational and
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genotyping experiments will test whether the genetic interactions of the DRG, DFRP, and SLH1
genes in Arabidopsis gametophytes.
Physical association between SLH1 and the DRG/DFRP protein families: The second
goal of this thesis is to explore the potential physical interaction between the SLH1 protein and
the DRG/DFRP protein families. Understanding where in the cell and in what tissues in
Arabidopsis SLH1is physically present may also give us clues to its function. To this end,
antibodies will be made to detect SLH1 via Western blot analysis. SLH1 specific antibodies
have not been produced by any lab previously. This will allow us to discover more of what
SLH1 is doing physically. Antibodies will also allow us to use GFP or GUS tags in order to
view SLH1under a confocal microscope as well and locate it in plant tissues. Using antibodies
FLAG-tagged ribosomal proteins have been shown to associate with DRGs in Arabidopsis and
the odd nature of DRG2’s apparent proteolysis was revealed in Western blot analysis (Nelson et
al. 2009). We hope to conduct similar experiments to find out if SLH1 also physically interacts
with ribosomes. Western blot analysis could also detect if DRG or DFRP proteins form a
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Cross set up to examine gametophyte viability

Wild Type Embryo Sac
100% DRG1, DRG2, SLH1

Mutant Pollen heterozygous for
DRG2
50% drg1, drg2 , slh1 or
50% drg1, DRG2, slh1

Expected sporophyte genotype if triple mutant
gametophytes are viable in a 1:1 ratio:
DRG1, DRG2, SLH1
DRG1, DRG2, SLH1
drg1, drg2, slh1
drg1, DRG2, slh1

Mutant Embryo Sac heterozygous for
DRG2
50% drg1, drg2 , slh1 or
50% drg1, DRG2, slh1

Wild Type Pollen
100% DRG1, DRG2, SLH1

Figure 8: Crossing wild type and mutant plants heterozygous mutant for a single allele the
progeny should yield 50% mutant alleles. In this example, 50% of the plants would contain the
drg2 allele from the mutant pollen. This would suggest a sporophytic nature to the triple
mutation for the mutant drg2 (highlighted) allele can only come from a viable triple mutant
pollen grain. If a 1:1 ratio of mutant alleles is not in the progeny it suggests that the
gametophytes are not viable or have limited viability due to triple mutation. Reciprocal crosses
with the mutant embryo sacs used instead of wild type and wild type pollen instead of mutant
plants will infer the viability of the triple mutant embryo sacs in the same manner.
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complex with SLH1, which seems likely considering DEAD-Box helicases are often found in
large protein complexes (Linder 2006). PCR was used to amplify cDNA products from the
SLH1 gene. Since the entire coding region would be difficult to manipulate we chose two small
regions to His-tag. These were used to clone regions of the large 244 kDa protein. To avoid any
issues with size two regions, one at the N-terminus and the other closer to the C-terminal end
(Figure 9), will be selected and cloned from cDNA. These regions were BLAST compared to a
species of moss Physcomitrella patens the other model organism studied in the Stafstrom lab in
hopes that antibodies that we generate also would detect SLH1 in the moss as well. His-tagging
RNA helicases is a commonly used technique and has been used in such studies as determining
eIF4F functions and the DEAD-box protein UAP56 involved in nuclear mRNA transport
(Kammel et al. 2013). Immunopurification of polysomes is also a technique that has been used
in other studies and if antiserums for SLH1 can be made could be used to see if it associates with
them as in yeast (Zanetti et al. 2005). Creating antibodies will open up many useful options for
studying SLH1 and will be achieved for this lab and others interested in it as well.
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SLH1, ~13.5 kb, ATG to stop
2171 AA 244 kDa

slh1-1

slh1-2

Figure 9: T-DNA insertion points on SLH1.

slh1-3
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Table 4: Names and gene positions of the three obtained SALK T-DNA insertions for slh1.
SALK Insertion Name

Position

Allele Name

SALK 116847

Intron #9

slh1-1

SALK 029498

Exon #15

slh1-2

SALK 039821

Exon #20

slh1-3
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MATERIALS AND METHODS

Obtaining Double Mutant Lines: In order to obtain the desired combinations of mutant
alleles in Arabidopsis (Tables 3 and 4) drg double mutants (12) and dfrp double mutants (ab)
were crossed with plants from a homozygous mutant for slh1. T-DNA insertion mutants in three
places on the SLH1 gene At5g61140 (Figure 9) were acquired from the SALK Institute. Each
plant homozygous for one of the slh1 mutant alleles was grown from seed and analyzed via PCR
to ensure it was in in fact a homozygote for slh1. Once in flower, the stamens, sepals and petals
were removed under a dissection microscope. The pistil then was fertilized with pollen from a
12 or ab double mutant grown in the same conditions to produce a heterozygous F1 generation
(Table 3). Once the F1 plants were verified as being heterozygous for all three alleles they were
allowed to self-pollinate. The subsequent F2 generation was then analyzed using PCR to find the
genotypes of interest (Table 5). Once obtained, each genotype was checked three times to ensure
no erroneous PCR results.
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Table 5: Genotype Goals and Phenotype Expectations
Genotype Name
Wild Type (Wt)
12
ab
12s’
1s
2s
12’s
1’2s
12s
abs’
as
bs
ab’s
a’bs
abs

Genotype
DRG1, DRG2, SLH1
DRG1, DRG2, SLH1
drg1, drg2, SLH1
drg1, drg2, SLH1
dfrp1, dfrp2, SLH1
dfrp1, dfrp2, SLH1
drg1, drg2, SLH1
drg1, drg2, slh1
Drg1, DRG2, slh1
drg1, DRG2, slh1
DRG1, drg2, slh1
DRG1, drg2, slh1
drg1, DRG2, slh1
drg1, drg2, slh1
DRG1, drg2, slh1
drg1, drg2, slh1
drg1, drg2, slh1
drg1, drg2, slh1
dfrp1, dfrp2, SLH1
dfrp1, dfrp2, slh1
dfrp1, DFRP2, slh1
dfrp1, DFRP2, slh1
DFRP1, dfrp2, slh1
DFRP1, dfrp2, slh1
dfrp1, DFRP2, slh1
dfrp1, dfrp2, slh1
DFRP1, dfrp2, slh1
dfrp1, dfrp2, slh1
dfrp1, dfrp2, slh1
dfrp1, dfrp2, slh1

Phenotype Expectations
Control, wild type.
drg1, drg2 double mutant, overall plant
weakened as result of mutation.
dfrp1, dfrp2 double mutant, overall plant
weakened as result of mutation to lesser
extent than 12.
Expected to appear identical to 12 mutants.
May reproduce slightly faster than wild type
as single drg1 mutants do.
Expected to appear identical to wild type.
Will produce triple mutants which may be
lethal.
Will produce triple mutants which may be
lethal.
Possibly lethal.
Expected to appear identical to ab mutants.
Expected to appear identical to wild type.
Expected to appear identical to wild type.
Will produce triple mutants which may be
lethal.
Will produce triple mutants which may be
lethal.
Possibly lethal.

Genotype names are designated as follows: 1 = drg1, 2 = drg2, s = slh1, a = dfrp1, b = dfrp2, the
apostrophe indicates a heterozygote. These genotype goals will be met for both slh1-2 and slh1-3
mutant alleles, named cross 2 or 8 (C2, C8) and cross 3 or 9 (C3, C9). Both slh1 alleles are
expected to produce the same phenotypes.
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Plant Growth Conditions: Seeds were germinated on sterile MS agar plates (Per liter: 2.15 g MS
salts, 0.5 g MES, 10 g sucrose (1%), 8 g agar (0.8%)). Seeds were surface sterilized as follows. Seeds
were placed in 50% EtOH for 2 minutes followed by three rinses with sterile water. Seeds were then
washed for ten minutes in 50% bleach and 0.1% Triton x-100 and then rinsed five more times in
sterile water. Once sterilized the seeds were plated under a laminar flow hood, after it had been
exposed to UV light at 254 nm for 15 minutes with the fan running. Before plating, the hoods surface
as well as the tweezers and spatula used to plate the seeds was washed with 70% EtOH. Once on the
agar plates, the seeds were placed in a 40C refrigerator for three days which helped to synchronize
germination. After chilling, the seeds were grown in a SANYO growth cabinet under continuous light
at 25oC where they were grown for about 2 weeks until large enough to move to soil. After this time
they were transferred to Fafard super fine germination mix and moved to a Conviron growth chamber
at 200C for 16 hour light periods and grown until large enough to extract DNA for PCR.

DNA Extraction: Leaves ~30-40mm2, were selected from individual plants of interest to
extract DNA. Leaves were placed in a microfuge tubes and ground up with a pestle. Four
hundred microliters of Edwards buffer, (Stock per 100mLs: 20% 1M Tris-HCL pH 7.5, 5% 5M
NaCl, 5% 0.5M EDTA pH 8.0, 0.5% SDS) was obtained but not added all at once. A single drop
was first placed on the pestle and then the sample was ground up some more. Then the rest of
the buffer was added the tube, mixed and set aside. Once all samples were ground in the
Edwards buffer they were mixed via vortex and centrifuged for five minutes at maximum speed.

34

The supernatant (300µL), was added to 300μL of cold isopropanol. Samples were mixed and let
stand for 15 minutes. After the 15 minutes, the samples were centrifuged at top speed for five
minutes. The supernatant was discarded and the pellet was left to air dry for 30 minutes.
Distilled water (500µL) was added and the pellet was broken up with a pipet tip and mixed.
Samples were then centrifuged for 2 minutes after which 400µL of the supernatant was
transferred to a fresh 1.5 mL microfuge tube and stored at -20oC. (Edwards et al. 1991).

PCR Procedures: The following ingredients were used for each 25uL PCR reaction. Gotaq
5X buffer from Promega 5µL, 8% 2mM 12.5X dNTPs, 8% 25mM MgCl2, 20% 5X forward
primer (Table 6), 20% 5X reverse primer (Table 8), 0.4% Bullseye taq polymerase, and 8% of
DNA template. All experiments included and a positive, negative and no DNA control. PCR
program was set for 40 cycles that ran at 94oC for 30 seconds, 55oC for 30 seconds, 72oC for 2
minutes. PCR products were electrophoresed on a 1.25% Agarose gel in 1X TBE (Tris-BorateEDTA) buffer containing EtBr. All gels included a lane for Fermentas GeneRuler 1kb Plus
DNA ladder. Once the gel had run the bands were examined and digitally recorded using a Gel
Logic 200 imaging system. The alleles of the plant were then recorded. Seeds were collected
from plants with the desired genotypes (Table 3).
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Table 6: Primer list for alleles studied and sequence information.
Allele
DRG1
drg1
DRG2
drg2
DFRP1
dfrp1
DFRP2
dfrp2
SLH1-1
slh1-1
SLH1-2
slh1-2
SLH1-3
slh1-3
RCK
rck
SLH1
Region 1
SLH1
Region 2

Primer number
12-1130
12-133
10-724
10-378
10-725
10-726
13-610
13-611
13-839
13-614
09-093
12-1134
12-1135
11-146
11-147
11-148
11-149
11-156
11-157
13-592
13-593
13-594
13-595

Forward
12-1130
10-724
10-725
10-725
13-611
13-611
13-614
09-093
12-1134
11-510
11-146
13-839
11-148
13-839
11-156
11-510

Reverse
12-1133
10-378
10-726
10-378
13-610
13-839
09-093
13-839
12-1135
11-144
11-147
11-146
11-149
11-149
11-157
11-157

Amplicon (bp)
420
~730
952
~750
500
750
800
950
420
800
1210
950
1071
700
1136
620

13-592

13-593

969

13-594

13-595

614

Sequence
CCCTGTATCTATGCTGTCAAC
GCTTGTGTTTGGCACTTGAAC
CGATCATGGACTGTTGCTATG
CATTTTATAATAACGCTGCGGACATCTAC
CGATGAGTAACTACTGTTTTCGTCAC
GACTTCAGCGTATTACATGACAC
AGAACGACCGTATGAGGTAATC
CTTTCTCTCCTCCACCTCTT
TAGACGGTTTTTCGCCTTTTGAC
TTTACTCACTTGGCTCGCTC
ACAGAAAATTACCCGGACGAG
GTTAGATGACTTTGCTCAAGCTG
CTGAAGTGTTGTTTGATCTGCAAG
CAACACCAGAGAAATGGGATG
AGATCTCAACATCCCAGCATG
CAAGGATAAAGAAGGATCGGC
ATGCTGGGATGTTGAGATCTG
TTCAGCATTGTCTGCAAGATG
AAGGCAAAGCTCTGGTAGGAC
ACTGGATCCTTCGACATCGATCAGGCTTAC
CATAAGCTTTTCCTCCTTACGCCGAAG
CATGGATCCGAAGTGATTTGGCTGACTGGTTG
ACTAAGCTTTCCCATGTTGGTCAAACTG
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Primer Constructions: The designated gene name i.e. At5g61140 is SLH1, was entered into
T-DNA express, SALK institutions web site (http://signal.salk.edu/cgi-bin/tdnaexpress), for
locating available T-DNA insertions. After the insertion was located on the gene the nucleotide
sequence was entered into TAIR and the start and stop codons were located. Primer sites
flanking the gene and insert were selected that consisted of roughly 20 nucleotides, ~55oC
melting temperature, a ~50% GC ratio and ~300-400bp from the insert site, with a preference for
a G or C at the 3’ end. Hairpins and self-compatibility were checked using the IDT
oligoanalyizer website tool (https://www.idtdna.com/calc/analyzer).
Phenotype Analysis: Once the crosses listed in Table 5 were obtained they were subjected to
a myriad of trait analyses. Sterilization and growth conditions were the same as for plants grown
for genotyping and seed collection. Trait analysis and observational procedures were as follows.
Root Assays: About 20 sterilized seeds of several genotypes were placed onto square agar
plates and chilled for three days. Then, plates were mounted vertically and plants were grown
for 5 days.

Root growth was measured daily using a Nikon SMZ-U dissecting microscope and

the time of emergence and growth of both radical and hypocotyl were recorded. Any
abnormalities in growth were noted.

Pictures of the plates were taken with a Nikon D50

camera. Microscope images were recorded using a Q –Imaging Retig 4000 R camera fitted to
the Nikon SMZ-U.
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Growth Assays: After root assays were completed, young plants healthy enough to be
planted in soil were selected and grown in the same conditions as plants for genotype analysis.
Plants from all double mutants and control lines (Table 5) were grown in groups of 16
individuals in 6X6 cm pots and measured for traits. Phenotype analysis protocols were based on
the Seed Genes Project and Paradigm Genetics Inc. techniques modified to suit the needs of our
particular research once interesting phenotypes were discovered (Boyles et al. 2001, Muralla et
al. 2011). Plants were examined daily and measured every 5 days for the following traits. 1.
Rosette diameters; 2. Leaf abnormalities; 3. The day of the first shoot appearance. The shoots
were staked vertically for easy care and observations; 4. Shoot length at maturity was measured
to compare growth rates and overall height of the plants; 5. Time of the emergence of leaves,
flowers and siliques; 6. Any discoloration or abnormal growth was noted throughout the entire
life of the plant; 7. Days to senescence. After 48-50 days growth siliques were collected for
silique assays and after the plants senesced seeds were collected for propagation of the mutant
lines. Pictures were taken comparing all plants and data was analyzed statistically.
Silique Assays: Growth conditions were the same as for plants genotyped and subjected to
phenotypical analyses. After 48 days of growth mature siliques were collected from positions 414 counting form the shoot apical meristem. Positions were counted from the newest silique
near the flowering apex to oldest towards the rosette. New siliques were not observed because at
this stage it would be hard to distinguish aborted embryos from other early-stage embryos.
Siliques were cleared in70% EtoH in Multiwell 24 well plates. EtOH was changed a couple of
times over two days which allowed the valves to become transparent enough to see through with
a dissection microscope. Silique length was measured, as shorter siliques often represent
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incomplete maturation of embryos (Vivian-Smith et al. 2001). Results from each plant were
averaged. Silique abnormalities, especially if missing 25-50% of mature seeds, were noted. The
number of seeds per silique also was recorded. Photographs were taken in the same manner as
for root assays.
Statistical Analysis: All assays means were analyzed using paired t-tests using IBM SPSS
statistics. Means were compared at a P-value of 0.05 to all controls and other mutant lines.
Triple Mutant Analysis: If the siliques of any given mutant cross or control were missing
25-50% of their mature seeds it would suggest embryonic abortions. Once a line showed this
missing seed phenotype, its seeds were grown and genotyped to ensure it was the same as its
parent. These plants were grown to maturity and siliques collected from positions 1-4 on the
plant. Siliques of wild type plants were used to compare to the triple mutants to discover at what
point the embryos may have been aborted. It appeared that the embryo had aborted long before
full maturity of the seed, thus younger siliques were examined. These siliques were fixed in
FAA (50% EtOH, 35% dH2O, 10% formaldehyde, 5% glacial acetic acid) in the 24 well plates
overnight at 40C. Then, siliques were soaked in two changes of 50% EtOH for an hour each at
room temperature and stored 40C until needed. Siliques were dissected, and then viewed and
photographed using a Nikon SMZ-U microscope. Valves were removed to view the seeds
within. Aborted embryos were photographed by the Q-Imaging Retig 4000R as well. As
suitable triple mutants were found for imaging they were placed on microscope slides and
imaged with a Nikon Eclipse E-600 with Nomarski optics. Several images were taken in
succession in different focal planes and imaging software was used to create a focus stack of the
aborted embryo of the triple mutants.
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Gametophyte Analysis: To examine the viability of the haploid gametophyte stage of the
plants’ life cycle, 1’2s, 12’s, a’bs and ab’s (Table 5) sporophyte plants were crossed with wild
type pollen. Once a successful cross was made the siliques were examined for triple mutants in
the form of missing seed positions. If these abortions were present it would suggest a female
gametophyte deficiency. Seeds that survived were grown from that silique and genotyped. The
number of plants containing mutant alleles were recorded. The presence if a mutant allele would
suggest that a viable embryo sac had been able to pass on its mutant alleles. Alternatively, the
absence would suggest that no embryo sac triple mutants were viable. The reciprocal cross also
was performed, with the mutants being the pollen donor and wild type the embryo sac mother.
The same analysis was done to examine triple mutant pollen viability and analyzed in the same
way.
Preparations for Cloning His-tagged Regions of SLH1:

Using the NCBI BLAST website

tool the sequence of SLH1 was compared to all other helicases in Arabidopsis especially against
AtBrr2a and RCK which share close sequence similarity with SLH1. Regions were found that
were less than 50% identical with other Arabidopsis DEAD-Box helicases. Once these regions
were located their sequences were aligned via BLAST against the SLH1 sequence in moss.
Regions that were specific to SLH1 and over 80% identical between Arabidopsis and
Physcomitrella patens were selected in hopes that the eventual antisera produced would
recognize SLH1 in both organisms. Next, restriction enzyme sites were located within the
regions. The multiple cloning site (MCS) for the pQE-30 vector from Qiagen, used for Histagging proteins, contained many sites. The MCS (also called a polylinker) in pQE-30 contains
the following RE sites (in order, 5’ to 3’): BamH1, Sph1, Sac1, Kpn1, Sma1, Xma1, Sal1, Pst1,
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HindIII. The sequence of the MCS is:
GATCCGCATGCGAGCTCGGTACCCCGGGTCGACCTGCAGCCAAGCTT.
Priority was to find those that used the same buffer for optimal performance and convenience.
Two regions, one at the N-terminal end and the C-terminal end, were found that met these
criteria, we named these Region 1(R1) and Region 2 (R2), respectively. BamH1 (GGATCC)
and HindIII (AAGCTT) sites were not found in R1 or R2 and would be acquired from the vector
(Table 7).

Table 7: Primer sequences and restriction enzyme sites for Region and Region 2

Primer
Number

Sequence: Restriction enzyme sites highlighted in red.

Comments

13-592

ACTGGATCCTTCGACATCGATCAGGCTTAC

AtSLH-1Fbam; BamH1

13-593

CATAAGCTTTTCCTCCTTACGCCGAAG

AtSLH-1Rhin; compl.; Hind3

13-594

CATGGATCCGAAGGTGATTTGGCTGACTGGTTG

AtSLH-2Fbam; BamH1

13-595

ACTAAGCTTTCCCATGTTGGTCAAACTG

AtSLH-2Rhin; compl.; Hind3
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Cloning Procedures: The lab had previously generated cDNAs from several Arabidopsis
using random primers for reverse transcription reactions. These were used as templates for PCR.
The cDNAs from flower buds and from flowers were diluted 100 times for a more efficient PCR
reaction. Genomic DNA also was amplified. PCR procedures were similar to those used for
other experiments. PCR products were purified using NucleoSpin Extract II kit (MachereyNagel). The purified cDNA was ligated into the Promega pGEM-T vector (Promega “Source of
Discovery” Manual). The ligation products were transformed by electroporation into electro
competent E.coli JM 109 cells. Cells were plated on LB-amp plates to select for resistant
colonies. Plasmids were isolated using a Promega Wizard Plus Miniprep kit. The DNA was
eluted with 50µL of nuclease-free water and stored at 20oC.
R1 and R2 were initially cloned into the pGEM-T vector. Then, they were inserted using the
same procedures as pGEMT into pQ30, pQ31 and pQ32 Promega vectors, which contain the 6His tag. Once inserted into these vectors they were partially sequenced to ensure the proper
reading frame. Both R1 and R2 were in proper frame in the pQ30 vector. The clones then were
transformed into M15 (pREP4)E.coli cells. M15 cells have Kan and Amp resistances hence
plates to grow the transformants on were Kan/Amp plates mixed with LB. Restriction enzyme
tests verified the presence of the insertions and the cloned regions were now ready for
purification and protein expression. Glycerol stocks of the cells were made and stored at -800C.
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Protein Expression of Region 1 and Region 2: M15 cells were grown from frozen stocks.
A tiny amount was added to a 5% Kan and 7.5% Amp LB mix and incubated overnight at 370C.
The next day 200 µL of the culture was added to a 20 mL Kan/Amp LB filled flask and grown
until the OD600 was at 0.6. Then, IPTG was added to a final concentration of 4mM to induce
protein expression. After an additional 3 hours of growth cells were pelleted and stored at -200C.
Protein Purification: Protein purification procedures were modified from Protino protein
expression manual for using the NiTED nickel residue for batch purification. Frozen pellets were
thawed on ice. Pellets were suspended in LEW buffer (50mM NaH2PO4, 300mM NaCl, adjusted
to pH 8.0 with NaOH) and re-suspended on ice at volumes of 500µL per 100mg of pellet.
Lysozyme was added to a final concentration of 0.5mM. The lysate was stirred on ice for 30
minutes with constant agitation and tubes were inverted every 10 minutes to ensure an even
mixture. DNA was broken via sonication for 15 seconds three times until the lysate was no
longer viscous and clear. DNAse was added to further break the DNA and stirred on ice for 15
minutes. Samples were centrifuged for 15 minutes at top speed at 4oC. About 90% of the
supernatant was saved for purification on the batch column. The pellet was denatured using
isotypes in case the cloned proteins were in inclusion bodies. They were re-suspended in 125µL
of LEW buffer. The pellet was re-suspended again and centrifuged for 15 minutes at full speed
4oC. The supernatant was discarded and pellet was re-suspended in 450 μL of DS buffer (LEW
plus 8M urea) and mixed on ice for one hour and inverted every 15 minutes. When completed
the mixture was centrifuged for 15 minutes again at top speed 4oC. The pellet was then
discarded and proteins were ready for batch purification. A portion of each fraction was saved
for analysis by SDS-PAGE.
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For batch purification, NiTED resin was used 100 μg per 1 mL of LEW buffer. NiTED resin
was equilibrated by washing three times in 250 μL of LEW. Equilibrated resin was added to 250
µL of cleared lysate and incubated for 30 minutes on ice with constant agitation. Columns were
constructed using Pastuer pipets with glass wool inserted for a filter. Once incubated the lysate
was added to the column 250µL of the mixture was allowed to flow through and was collected
for protein gel analysis. Next the column was washed 10 times with 250uL of LEW buffer. Two
washes with the DS buffer were then collected for protein gel analysis as well, followed by eight
more 250µL washes. Once completed DE buffer (DS plus 250mM imidazole) was used to elute
the purified proteins. Four washes were conducted and a sample was saved from each to analyze.
Samples with a volume of 10µLwere mixed with 5x SDS loading buffer markers and run on a
protein gel for analysis of R1 and R2. Protein samples were analyzed by SDS-PAGE on gels
containing 12% acrylamide.
Antiserum Production: For each antigen, two New Zealand white rabbits were immunized
using the sterile ball-chamber technique. Animals were boosted periodically with the same
antigens (Clemons et al. 1992). Initial tests of antisera were done using dot blots. Aliquots of
2.5µL of antigens were applied to a gridded nitrocellulose membrane. Primary antibodies were
tested at a 1:1000 dilution (5.5mLTBS-blotto, 5.5µL primary antibody). The secondary
antibody, Pierce donkey rabbit IPG, was added at a 1:10000 dilution (10mL TBS-blotto, 1µL
secondary antibody). Chemiluminescent reagents were applied and the blots were exposed to
film for analysis.
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Western Blot Procedures: Tissues (young plants around one week old) were frozen in
liquid nitrogen (LN2). Frozen tissues were then ground with a mortar and pestle along with
grinding buffer (50mM Tris-HCL, 100mM NaCl, 500mM EDTA pH 8.0, 0.1% B-ME).
Concentrations of proteins were determined with a BioRad reagent using IgG as a standard
curve. Samples containing SDS loading buffer were heated to 950C for ten minutes. The
samples were loaded into 12% acrylamide gels for electrophoresis. PVDF membranes soaked in
MeOH were used for protein transfer using a semi-dry apparatus. After transfer was complete
PVDF blots were blocked with fat-free powdered milk 5% mix. Primary antibodies were added
at a 1:1000 dilution and incubated overnight at room temperature. Secondary antibodies were
added at a 1:10000 dilution and incubated for 2-3 hours at room temperature. The blots were
then exposed to film for analysis.
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RESULTS

Obtaining Double Mutant Lines: SLH1 is encoded by the gene designated as At5g61140.
This is the apparent ortholog to SLH1 in yeast. In yeast, a triple mutant of either drg1, drg2,
slh1 or dfrp1, dfrp2, slh1 yields an extremely slow growing phenotype. By obtaining the double
and triple mutant lines outlined in Table 6 we set out to see if a similar genetic interaction exists
in Arabidopsis. Three slh1 insertions designated slh1-1, slh1-2, and slh1-3 were obtained at
different positions within the gene (Figure 9). For technical reasons, however, only slh-2 and
slh1-3 were analyzed extensively. Our hopes were that mutants containing slh-2 and slh-3
alleles would show the same phenotypes thus strengthening any conclusions that were made.
Table 10 outlines an example of such an endeavor. After crosses were made to produce an F1
generation heterozygous for all three DRG1, DRG2, SLH1x or DFRP1, DFRP2, SLH1x these
plants were self-pollenated and the F2 generation was examined to find the double mutant goal
genotypes (Table 5). Table 9 outlines an example of one experiment.
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Table 8: Nomenclature used for Crosses of DRG/DFRP/SLH1-X plants.
Cross
Numbers.
slh1-1 slh1-2
slh1-3
Brr2b
rck
drg1, drg2
1
2
3
4
6
dfrp1, dfrp2
7
8
9
10
12
This cross outline shows which crosses were planned. Crosses 1 and 7 were not used for
technical reasons. Crosses 4 and 10 were also not used since Brr2b single mutants were found to
have a lethal phenotype. For a negative control the closest ortholog to SLH1, RCK which
produces viable single mutants, was used (Crosses 6 and 12).

Table 9: Example of a genotype analysis.
SLH1Parent
Plant DFRP1 dfrp1 DFRP2 dfrp2
2
slh1-2
C8-4
7
+
+
+
+
C8-4
8
+
+
+
+
C8-4
9
+
+
+
C8-13
1
+
+
+
+
C8-13
2
+
+
+
+
C8-13
3
+
+
+
+
+
+
C8-40
2
+
+
+
+
C8-40
3
+
+
+
+
C8-40
7
+
+
+
+
+
+
C8 stands for cross 8 the –x is the F1 parent plants number. C8 was designated as
DFRP1/DFRP2/SLH1-2 combination (Table 9). The F2 generation is examined here. Those
plants that were the goal genotypes are highlighted. The plants of interest were saved for seed
collection. The ”+” and “-“ indicate that a particular allele was present or absent.
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Table 9 shows an example of the steps taken to obtain the goal genotypes (Table 5). Each
plant was genotyped using PCR. In this case the DFRP genes were examined. In this example
only the two plants highlighted were goal genotypes. Selecting these plants was very useful for
the F3 generation will yield the goal genotypes. Often the plants were self-pollinated into the F3,
F4 or in some cases F5 generations to obtain the double mutants of interest. DRG genotypes
were selected in the same manner and each of the genotypes outlined in Table 6 was obtained.
No triple mutant was ever found in either of the DRG (Crosses 2 and 3) or DFRP (Crosses 8 and
9) progenies.
The results thus far suggest a genetic redundancy between the five genes. Having one wild
type allele of any of the three, whether it be a DRG, DFRP, or SLH1, seems to rescue the
Arabidopsis sporophyte. In other words, all single and double mutants are viable but the triples,
at least in the sporophyte generation, do not appear to be viable. Considering the vast differences
in protein structure and domains between the five genes this is perplexing. Figure 10 shows an
example of a PCR gel run for the purpose of obtaining the goal genotypes.
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bp
1

2

3

4

5

6

7

8

9

10

11

16

17

18

19

20

21

22

+

-

No dna

9

12

13

14

15

~950

DRG2

~950

1

2

3

4

18

19

5

6

7

8

21

22

+

10

11

12

13

14

15

~750

drg2
16

17

20

-

No dna

~750

Figure 10: Example PCR Gel from genotype analysis. This particular gel shows plants
segregating for the DRG (900 bp) and the drg2 (750 bp) alleles.
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As the goal genotypes were being obtained some interesting results came to light. Figure 11
shows such an experiment. The two gels show results of an F3 progeny segregating for the
DFRP1/dfrp1 alleles. Each plant was homozygous for dfrp2 and slh1 mutant alleles. The top
gel shows that nearly all the F3 progeny have the wild type DFRP1 allele. Yet no dfrp1 alleles
out of twenty four plants were found. The bottom gel shows the dfrp1 check for the next 24
plants of the F3 generation all containing DFRP1 alleles. Only two plants yielded the dfrp1
alleles thus giving us the goal genotype heterozygous for DFRP1 (a’bs) like the parent plant
when two thirds of the progeny was expected to be heterozygous if the triple mutant is inviable.
Two out of forty eight plants do not follow ratios in which we would expect two thirds of the
progeny to yield dfrp1 alleles if the triple mutant is inviable. If the triple mutant was inviable we
would expect never to see a plant absent of a wild type allele. The recessive alleles would thus
be expected to be present in heterozygotes that would make up two thirds of the viable progeny.
These results were similar with DRG1/drg1 alleles as well whereas the DRG2/drg2 and the
DFRP2/dfrp2 alleles segregated in ratios closer to what was expected. Results giving exact
numbers are shown in Table 10.
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Figure 11: Example gel from heterozygous plants. Wild type DFRP1 is shown at 500kb and the
mutant allele dfrp1 is at 750 kb. The results shown here were obtained from the F2 generation of
a parent double homozygous mutant for dfrp2 and slh1-2heterozygous for DFRP1/dfrp1 (1’2s).
If the triple mutant of dfrp1, dfrp2, slh1-2 is inviable our expectation would be that two thirds of
these plants would contain recessive alleles.
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Table 10: Ratios of mutant alleles found in double mutant plants segregating for one allele.
Segregating
allele
DRG1/drg1
(1’2s)
DRG2/drg2
(12’s)
DFRP1/dfrp1
(a’bs)
DFRP2/dfrp2
(ab’s)

Number of plants
tested
265

Percentage of
recessive alleles
22%

166

43%

296

8%

223

26%

Table 10 represents the numbers of double mutant plants segregating for one allele. Each
parent plant was verified as being homozygous mutant for slh1 and the other drgx or dfrpx
making them double mutants. As shown the alleles certainly do not segregate according to
expected ratios which would predict a 2:1 ratio or 66% mutant alleles. The only gene
combination that is close to this are those segregating for the DRG2/drg2 alleles the 12’s mutants
(43%). Thus because the goal mutants were easier to find, fewer plants were tested in this
progeny. This was also the case with DFRP2/dfrp2 ab’s mutants as well although they show less
than half the mutant alleles expected. DRG1/drg1 1’2s mutants also show this trend as well
(Table10). The most extreme lack of mutant alleles occurs in the DFRP1/dfrp1 a’bs mutants. It
is extremely difficult to find these a’bs mutants. Often entire trays of 72 plants often contained
only one or two. These results may make sense, however, in the context of the plant life cycle.
Fewer mutant alleles in the sporophytes observed here suggests that the haploid gametophytes
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(pollen or embryo sacs) may also have limited viability with a triple drg1,drg2,slh1 genotype or
with a dfrp1,dfrp2,slh1 genotype. Through many tests and growing hundreds of plants besides
these oddities all goal genotypes outlined in Table 6 were obtained and were subjected to
phenotype analysis.
Triple drg1,drg2,rck and Triple dfrp1,dfrp2,rck Mutant Viability: To further test whether
the triple mutation of drg1,drg2,slh1 and dfrp1,dfrp2,slh1 do indeed cause a lethal phenotype,
triple mutants also were obtained using RCK, the closest SLH1 homolog. These triple mutants
were in fact viable and only showed phenotypes associated with the single RCK mutations and
double drg and dfrp mutations. Plants were 12 or ab-like in appearance due to the lack of DRG
and DFRP alleles, and showed 13% seed abortions as has been shown with single RCK
knockouts in other studies (Chen et al. 2005) (Figures 12 and 13).
Double mutant phenotype analysis: Many traits were examined to see the effects of each
combination of DRG, DFRP, and SLH1 alleles outlined in Table 6, to see if a genetic
relationship exists between them. Plants were examined from seed to senescence. Each trait was
measured and analyzed statistically to determine if any abnormalities observed were in fact real.
The results will be presented from the germination of the mutants via root assays. Then the
growth of the plant will be outlined from seedling to senescence. Finally the reproductive
structures will be examined in which a clear genetic relationship between the genes of interest
will be established. It should be noted that all double mutants segregating for one allele showed
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Figure 12: Example gel from triple drg1,drg2,rck mutants F2 plants genotype results from a 12
viable double DRG mutants crossed with a single rck mutant.
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1 mm

Figure 13: Triple drg1,drg2,rck mutant siliques compared with a single rck mutant. On the left
are siliques of a triple drg1,drg2,rck mutants siliques. However, this missing seed phenotype is
nearly identical to that of the 12 mutant siliques which have randomly aborted seeds at many
different stages of development. On the right is a single rck mutant which has been shown to
confer 13% aborted seeds (Chen 2005). Likewise dfrp1,dfrp2,rck mutants appear identical to ab
and show 13% aborted seeds as expected from lacking RCK.
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the same growth patterns as double mutants homozygous for one allele, with the exception of
the reproductive structures. Therefore, in all assays except the silique examinations they were
counted as simply double mutants even if they also were heterozygous for the third gene.
Root assays: Figure 14 shows an example of a Cross 3 root assay in which wild type and 12
drg double mutants were used as controls to compare to the double drgx and slh1 mutants.
Mutants with parents heterozygous for either DRG1 or DRG2 (1’2s and 12’s) showed the exact
same root growth phenotypes as the 1s and 2s mutants and thus were included in the analysis
together. Also Cross 3 and Cross 2 showed identical growth patterns, supporting the hypothesis
that the knockout of each truly shut down the SLH1 gene from functioning. Thus, all data were
combined for final analysis of all the traits. Upon observing Figure 14 it is clear that the double
mutants are more similar in length and growth rate to wild type than to the 12 double drg
knockout line. Clearly, having at least one DRG gene functional is a big asset to the health of
the developing plant whereas only having SLH1 (12) will keep it alive but with about half the
root growth capabilities of wild type plants. Figure 15 shows the results from a Cross 9 dfrpx,
slh1 double mutant assay. Here it appears the double mutants are similar to the DFRP double
mutant control ab which grows about 25% less efficiently than wild type. This suggests that
although subtle, there is an effect of knocking out one of the DFRP genes in tandem with SLH1,
thus suggesting a genetic interaction between them.
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DRG Root Assays
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2s
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12
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Figure 14: An example of a root assay examining the growth rates of drg double mutant lines.
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DFRP Root Assays
Wt
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as

Figure 15: DFRP double mutant root assay example.
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Figure 16 shows the combined results of three root assay experiments for each of the double
mutant and control lines from Cross 2 and 8 which contained the slh1-2 allele (n=60). This
graph shows averages of root growth five days after germination. Results of this assay were the
same for all other Cross 2 and 8 progenies. Wild type always contained the longest roots.
Double drg mutants (12) were the shortest and were used as a control. Double dfrp mutants (ab),
as expected, showed around 25% less growth than wild type. This has also been shown
numerous times in earlier studies (Stafsrom 2008, Nelson 2009). The double mutant lines are
statistically similar to the ab root phenotype that is intermediate between wild type and 12. One
exception in this assay were the as dfrp1 mutants which were closer statistically to Wt than ab
but still around 5mm shorter on average. Due to the fact all plants were grown in the same
conditions, this data suggests that there is a genetic association between the five genes.

slh1-2 Root Growth Day 5
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Figure 16: Average root length in slh1-2 double mutants (n = 60). The α symbol denotes
averages that were not statistically different.
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The data in Figure 17 shows the results Cross 3 and Cross 9 double mutants that were
obtained from the slh1-3 T-DNA knockout allele. The results statistically show a similar pattern
as in Figure 1 with the double mutants being almost identical in root growth to ab. Because of
this similarity it seems that the slh-2 and slh-3 are both insertions in the SLH1 gene and knocking
out the function of the helicase. This was also the case in all other phenotype observations thus
the results from both crosses were compiled for a better picture of the effects on the plant giving
higher n values for statistical analysis (Figure 18).
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Figure 17: Average root length in slh1-3 double mutants (n =60). The α symbol denotes
averages that were statistically similar.
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Root Growth Percent of Wild Type
Percnet of wild types grwoth
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slh1-2
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slh1-3
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0.20
0.00
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ab
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Figure 18: Root growth percent of wild type (n =120) . The data above represents both slh1-2
and slh1-3 double mutants root size compared to wild type (Wt) normalized to 100%. The blue
bars represent slh1-2 double mutants and the tan slh1-3. Both alleles showed similar phenotype
patterns. Double mutants in both cases were more similar to ab double dfrp mutants than to 12
or wild type. Because of these similarities in the results subsequent analysis represent pooled
data.
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Data from slh1-2 and slh1-3 double mutant plants were compiled from all assays (Figure 19).
In each separate assay of 20 plants, the complied data clearly shows that the root growth of the
double mutant lines is more like the ab double dfrp mutants than any other control. Error bars
shown in wild type (Wt) are typical for Arabidopsis root growth (Boyles et al. 2001). It is
curious that the knockout mutants containing only one wild type allele of either DRG or DFRP
genes show a double dfrp mutant phenotype with growth rates in between Wt and 12 double
mutants. In any case, according to the root growth assays there is clearly a statistically verified
genetic relationship between the DRG, DFRP and SLH1 genes. Because of the similarity or both
slh1-2 and slh1-3 phenotypes all data in all other assays was compiled for final analysis as well.
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Figure 19: Average root length in all double mutants (n =120). The α symbol denotes averages
that were statistically similar.
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Hypocotyl growth in all double mutant lines was statistically almost indistinguishable from
wild type (Figure 20). This data represents the same plants used in the root growth data sets
(Figure 19). The 12 drg double mutant line was the only one that showed longer hypocotyls than
the other lines. It has been shown that 12 plants do grow faster than Wt in past experiments
(Stafstrom 2008). Hypocotyls in all other lines were slightly longer than wild type and ab.

Hypocotyl Growth Day 5
3.5
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Figure 20: Average hypocotyl length in all double mutants (n =120). The α symbol denotes
averages that were statistically similar.
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The cotyledon diameter measurements were from the same plants as were used for root and
hypocotyl measurements (Figure 21). Here, the slh1 double mutants seem to generally fall in
between the wild type (Wt) and double mutant dfrp (ab) controls with 12 as the smallest of the
control group as usual. The one notable exception is the double dfrp1, slh1 (as) mutant which in
many cases grew slightly larger than wild type.
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Figure 21: Average cotyledon diameter in all double mutants (n =120). The α and β symbols
denotes averages that were statistically similar.
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Root assays were also conducted in the dark. Both the root length and hypocotyl length was
examined after 5 days of growth. Root growth under dark conditions showed a similar pattern to
controls with wild type (Wt-D) having the longest roots, 12-D the shortest and ab-D in between
(Figure 22). Mutant lines had root lengths similar to ab-D controls or averaged in between ab-D
and Wt-D. In contrast mutants grown in the dark exhibited a different growth pattern. Unlike 12
plants grown in light, which have much longer hypocotyls than any other line, 12-D plants
grown in total darkness had the shortest hypocotyls among all of the lines (Figure 23).
Hypocotyl length data from plants grown in darkness shows the 2s-D mutants having the longest
hypocotyl after 5 days. Wild type plants grown in darkness grew less than any of the slh-1
mutant lines.
Mature Plant Assays: By 48 days, the tested genotypes of Arabidopsis plants typically reach
full maturity under the conditions used here (Boyles et al. 2001). A typical wild type plant is
fully grown, has produced siliques and is ready to senesce in only a couple of more weeks. The
trends in sizes of these mature plants a mirror the root growth assays. Wild type (Wt) is the most
robust and on average has the tallest shoots at maturity whereas 12 mutants are about half the
size of wild type. In fact even at this point many 12 plants were entering senescence. Double
dfrp mutants (ab) are around 25% smaller than wild type as in roots. Statistical analysis shows
that the double drgx, slh1 mutants average growth lies between Wt and ab as in root size (Figure
24 and 25). It should be noted that this trend was consistent throughout the entire life of the
plant.
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Light vs. Dark Root Length
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Figure 22: Average root length in all double mutants grown in light and dark (n = 60). Plants
grown in dark conditions had a “d” next to their respective names i.e Wt-D is a wild type plant
grown 5 days in darkness. The α, β, and γ symbols denote averages that were statistically similar.
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Light vs. Dark Hypocotyl Growth
Light
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Hypocotyl Length mm
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Wt-D 12-D ab-D 1s-D 2s-D as-D bs-D

Figure 23: Average hypocotyl length in all double mutants grown in light on the left and grown
in dark on the right (n = 60). Plants grown in dark conditions had a “d” next to their respective
names i.e Wtd is a wild type plant grown 5 days in darkness. The α, β, and γ symbols denote
averages that were statistically similar.
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Shoot Height 48 Days Growth
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Figure 24: Average shoot length in all double mutants grown for 48 days (n = 30). The α and β
symbols denote averages that were statistically similar.
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Wt

12
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1s
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Figure 25: The figure above is a photograph of the mutant lines and controls in this study. Wild
type (Wt) is tall and robust and reproducing normally. Double drg mutants (12) is all but dead
and double dfrp mutants (ab) although growing healthy is around 75% the size of the wild type
plant. The 1s and 2s drgx mutants are almost indistinguishable from wild type at this point in the
life cycle and the double dfrpx as and bs mutants appear similar to the ab double dfrp mutant
line.
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Trends in rosette sizes were similar to results to these of root and shoot lengths (Figure 26). No
abnormalities were apparent after 48 days. Other than the slightly smaller rosette diameters there
is not much difference between the slh1 double mutants and wild type. As far as the size of the
rosettes are concerned, they continued to be either very much the same as or in between ab and
Wt. This data does show the subtlety of the effects of mutations in these genes.
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Figure 26: Average rosette diameter in all double mutants grown for 48 days (n = 30). The α, β
and γ symbols denote averages that were statistically similar.
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Figure 27 below shows the average number of days it takes for each of the studied lines to
reach senescence. Mutant lines tend to die 5 to 10 days earlier than wild type. Senescence was
defined as the time at which all the siliques had started to burst open and the rosette leaves had
completely turned red from chloroplast degradation and/or had dried up (Boyles et al. 2001). As
expected, 12 double drg mutants die almost 20 days before wild type as has been shown in many
other studies (Stafstrom 2008). Like so many other growth trait phenotypes of the double
mutants their differences are subtle and nearly undetectable until scrutinized and analyzed
statistically which this data supports once again.
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Figure 27: Days until senescence in all double mutants (n = 30). The α, and β symbols denote
averages that were statistically similar.
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Silique Assays:

Root and growth assay data has shown that in most cases the double

mutants under study showed statistically relevant but small differences from wild type or the
double dfrp ab mutant control lines. Also the double mutants segregating for any of the other
three alleles showed no difference in any of the root or growth assays from double mutants
homozygous for the third allele. That is to say, a 1s mutant homozygous for wild type DRG2
appears to be identical to a 12’s mutant segregating for the DRG2/drg2 alleles from early
development through senescence. Examining the seeds inside the siliques showed that the
double mutants segregating for a third allele have a phenotype. This is because a 12’s mutant
will necessarily produce triple mutants in its progeny. These triple mutants, as this data will
show, are lethal and therefore appear as “missing seeds” when examining the mature siliques.
Figure 28 shows seeds within a typical group of wild type siliques. Notice they are full of seeds
which average around 45-55 per silique. If the triple mutants were inviable, a 12’s mutant, for
example, would be expected to contain 75% of this number.

Therefore the siliques were

examined thoroughly. When missing positions were discovered they were scrutinized in detail to
hopefully find the triple mutants and give clues about the nature of their inviability.
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Wild type

ab

12

slh1-2 single mutant

1 mm

Figure 28: A comparison between siliques of controls. Wild type in the upper left corner is
how a normal Arabidopsis silique appears. The ab double dfrp mutants are only slightly smaller
but are still full of seeds. Double drg (12) mutants have much smaller siliques and have missing
positions present. These positions represent aborted seeds. The single slh1-2 mutant shows no
difference from wild type.
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Figure 28 shows a comparison of mature siliques of the wild type and mutant control lines.
Wild type plants average around 1.4 cm in length and average around 45-55 seeds per silique.
The mutant control lines are both shorter and therefore would be expected to contain fewer seeds
than the wild type. Double drg mutants from 12 siliques are greatly reduced in length averaging
0.9 cm per silique this was expected for it has been shown in earlier studies (Stafstrom 2008).
Another interesting and somewhat problematic characteristic of the 12 silique phenotype is that it
contains many aborted seeds. Oddly, some 12 siliques were full but quite a few missing positions
were present in others. Upon closer examination these seeds seem to have been aborted at many
different stages of development, unlike the triple mutant abortions which, as will be shown, abort
in the first two days of development. This feature prevented a 12s’ mutant heterozygous for the
slh1x allele form being meaningfully studied, because it would be difficult to tell if the aborted
seeds were caused by the double drg mutations or by the triple mutation. Thus 12s’ mutants
were omitted from this study. Besides the lower seed count, 12 also had shorter siliques, an
effect of the seeds producing auxin to aid in fruit development as is so in most flowering plants.
Therefore plants with missing seeds were expected to have shorter siliques than wild type as
well. Double dfrp mutants from ab showed a slightly lower seed count than wild type averaging
around 35-45 seeds. Never the less, the siliques were full with no aborted seeds present.
The average numbers of seeds per silique for all lines analyzed are shown below in Figure 29.
Statistical analysis shows expected results for the control lines. As with just about every other
trait examined, the numbers of seeds per silique lies between ab and Wt averages. The most
telling data here, and perhaps the most important to this study, is the average numbers in the
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double mutants heterozygous for the third allele. Recall that these are expected to produce triple
mutants and if these mutants are in fact inviable, they will show a missing seed phenotype. This
is clearly the case as can be seen in the heterozygous lines shown in Figure 29 in the square box.
What was unexpected in these results is the number of aborted seeds present in these lines. We
would predict 75% or roughly 30-40 seeds per silique 25% being triple mutants which in some
cases did occur. However, on average heterozygous double mutants show at least 25 or fewer
seeds per silique particularly in the double dfrp (a’bs and ab’s) heterozygous lines. The one
exception is the 12’s line which shows closer to the expected abortion rate. This data leads to the
question of whether or not the gametophyte generation has reduced viability. It also supports the
genetic interaction between the genes in question with a lethal phenotype being the case in the
triple drg1, drg2, slh1 and dfrp1, dfrp2, slh1 mutants. As shown in Table 11 the percentages of
genotypes found in building the lines also showed limited number of mutant alleles which is
backed up by the seed counts. If the triple mutants are dying as gametophytes, then those mutant
alleles (and thus healthy offspring) would be expected to show 50/50 ratios due to the haploid
state of the gametophyte. Having slightly higher than 50% seeds in the silique and a much lower
mutant allele rate in the heterozygous double mutant progenies supports two provisional
conclusions: First, that the gametophytes have limited viability, and second, that they are able to
survive some of the time. Also it shows that merely one single wild type allele from any of the
genes studied can rescue the plant in the sporophyte generation. Based on these results it was of
great interest to take a closer look into the nature of the triple mutation in gametophytes of
Arabidopsis, namely pollen and embryo sacs.
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Figure 29: A. Average number of seeds found in each silique of all plants examined (n =300).
The α, and β symbols denote averages that were statistically similar. Notice the difference
between double slh1 mutants homozygous for the third allele compared to double mutants
segregating for the third allele in the black box. The limited number of seeds suggests that the
triple mutants are lethal. B. The same data as A. but shown as the percent of missing seeds per
silique.
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It was expected that the length of the silique would correlate with the number of seeds that were
missing, as has been shown to be the case with many embryonic lethals (Muralla et al. 2011).
Such a correlation also would be a powerful tool in identifying double mutant plants segregating
for one allele in future studies. Thus, the silique length was analyzed in detail. Figures 29 and 30
show that this is not quite the case in all mutant lines. The drgx 1’2s and 12’s heterozygous
mutant’s siliques shown in Figure 30 are certainly missing many seeds yet are similar on average
in length to ab. Recall from growth assays the 1s and 2s doubles also show very similar growth
patterns to ab. Often times it is difficult to tell a ab from a drgx,slh1 double mutant with missing
seeds or not. With the a’bs and ab’s double dfrp heterozygous mutants this is the case though
where their siliques are visibly smaller than all other lines except 12. However, the 12
phenotype is smaller in all other aspects and is yellowish in color so can be easily distinguished
from the a’bs and ab’s mutants which grow like ab in all other aspects except the siliques. Why
the silique length is not affected as much by the missing seeds in the 1’2s and 12’s mutants is
unknown.
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Silique Length 48 Days Growth
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Figure 30: Average silique length of all plants examined (n = 300). Notice the difference
between double slh1 mutants homozygous for the third allele compared to double mutants
segregating for the third allele. On average siliques that had shown to have less seeds were
shorter than siliques with full seed sets.
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1s double mutant

12’s double mutant

2s double mutant

1’2s double mutant

1 mm

Figure 31: The photographs above are visual representation of the difference between the
double drg mutants homozygous for the third allele (1s and 2s left) verses those heterozygous for
the third allele (1’2s and 12’s right). The 1s and 2s mutants are full siliques on average although
rarely the 2s line showed a few siliques with several missing seeds. From merely looking at the
length we can see their similarity to ab or Wt with the average being similar to ab as shown
numerically in Figures 28 and 29. In contrast the 1’2s and 12’s lines clearly are missing quite a
few seeds sometimes well less than half yet have an average length that is similar to the
homozygous double mutants and/or ab. Those missing seeds represent triple mutants aborted in
very early development.
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as double mutant

ab’s double mutant

bs double mutant

a’bs double mutant
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Figure 32: The photographs above compares siliques of the dfrp double mutant lines
siliques with those of the double homozygous mutants (as and bs left) showing full siliques with
almost identical lengths to ab. The double heterozygous mutants (a’bs and ab’s right) show an
extremely severe missing seed phenotype with nearly all siliques missing over half the seed
count compared to wild type and much smaller siliques similar to 12.
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1 mm
Figure 33: The photograph above shows the missing seed positions in a double mutant
heterozygous for DRG1 (1’2s) one of the mutants used for the data gathered in Figure. This
particular mutant silique contained only 28 seeds. The open arrows points to a funicule where a
full mature seed once was. In this picture the mature healthy double mutant seeds were removed
to gain a better view of the missing positions. The closed arrow points to a triple mutant seed
that was aborted at some point in its very early development. The silique in the black box was
roughly 2 weeks old when the photograph was taken. By now the aborted embryos are clearly
dried up having been dead for quite some time.
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A Comparison of a wild type embryo to triple mutant embryo at 2 days after pollination is
shown in Figure 34. The two embryos shown in Figure 33 were both photographed two days
after the flower had self-pollinated and closed. Normal embryos such as the wild type shown on
the right are at the pre-globular developmental phase at this point (Muralla et al. 2011). The
triple mutant on the left will never grow past this stage. One interesting point to note is that the
embryo at this stage is indistinguishable from an unfertilized embryo. Therefore if the aborted
seed are getting fertilized at all they die shortly after fertilization takes place as a sporophyte.
Considering that the gametophytes appear to have low viability many of these triple mutant seeds
may represent dead embryo sacs or embryos that were unable to be fertilized due to lack of
viable pollen. All other triple mutant seeds from every line be they triple drg1, drg2, slh1 or
dfrp1, dfrp2, slh1 looked exactly like wild type embryos at this stage but never grew any further.
The exception is 12, which suggests that not only are these triple mutants inviable but the nature
of their abortion is redundant showing the same effects on the plants if the DRG genes or DFRP
genes are knocked out in tandem with SLH1.
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10 μm

abs triple mutant embryo

L16 wild type embryo

Figure 34: A Comparison of a wild type embryo to triple mutant embryo at 2 days maturity.
At this age the embryos, if fertilized, would be in the globular phase of development. The triple
mutants stop developing at this point.
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If the triple mutant aborted embryos were not fertilized because of a gametophyte deficiency,
then discovering which gametophyte was less viable would be of interest. Table 14 outlines data
collected for this aim. Double mutants heterozygous for the third allele had their flowers
emasculated and then were fertilized with wild type pollen. The expectation is that if the triple
mutant embryo sacs were inviable they could not pass on their mutant alleles. Thus, the F1
sporophytes would contain no mutant alleles. If the F1 sporophytes do contain mutant alleles
their only source would have been from the triple mutant embryo sac inferring that it is viable. If
all the embryo sacs are viable we expect to see mutant alleles in half the sporophytes. To test for
pollen viability, wild type pistils were pollinated with mutant plants heterozygous for the third
allele. Again a low number of mutant alleles in the progeny would suggest limited viability of
the male gametophyte. Table 11 shows inconsistent data in many of the crosses. For instance
Cross 1a shows 50% embryo sac viability whereas Cross 1c, using the same parental genotypes,
shows 0% viability. This discrepancy may be due to contamination from self-pollination in
Arabidopsis.
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Table 11: Cross data determining viability of triple mutant gametophytes.
I. a’bs X Wt: Test for viability of abs embryo sacs.
Cross #

#of plants grown

1a
1b
1c
1d
1e

8
16
11
16
17

Percent of plants with
segregating mutant allele
50%
38%
0%
0%
0%

II. Wt X a’bs: Test for viability of abs pollen.
Cross #

#of plants grown

2a
2b
2c
2d
2e

15
24
24
12
12

Percent of plants with
segregating mutant allele
0%
0%
0%
0%
0%

III. 1’2s X Wt: Test for viability of 12s embryo sacs.
Cross #

#of plants grown

3a
3b
3c
3d
3e

17
18
24
24
10

Percent of plants with
segregating mutant allele
11%
5%
8%
0%
0%
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Table 11 continued…
IV. Wt X 1’2s: Test for viability of 12s pollen.
Cross #

#of plants grown

4a
4b
4c
4d

17
11
24
24

Percent of plants with
segregating mutant allele
11%
0%
29%
21%

V. ab’s X Wt: Test for viability of abs embryo sacs.
Cross #

#of plants grown

5a
5b
5c
5d

14
10
24
14

Percent of plants with
segregating mutant allele
28%
50%
29%
21%

VI. Wt X ab’s: Test for viability of abs pollen.
Cross #

#of plants grown

6a
6b

14
17

Percent of plants with
segregating mutant allele
28%
18%
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Table 11 continued…..
VII. 12’s X Wt: Test for viability of 12s embryo sacs.
Cross #

#of plants grown

7a
7b
7c
7d
7e
7f

18
12
24
18
18
24

Percent of plants with
segregating mutant allele
17%
58%
8%
72%
5%
4%

VIII. Wt X 12’s: Test for viability of 12s pollen.
Cross #

#of plants grown

8a
8b
8c

18
22
16

Percent of plants with
segregating mutant allele
33%
59%
50%
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SLH1 Antiserum Production: SLH1 is an extremely large protein (244 kDa and length of
2171 amino acid residues) which would pose technical challenges for cloning and expressing the
full length gene. Instead, two small regions of the protein were cloned for antiserum production.
Besides detecting and examining we sought to create SLH1 antisera that could be used to detect
the protein in other organisms as well. To this end the amino acid sequence of SLH1 from
Arabidopsis (AR) was compared by the MUSCLE multiple sequence alignment tool to those of
Physcomitrella patens (PP), Saccharomyces cerevisiae (SC), and Homo sapiens (HR). The
results showed high conservation between all four organisms, especially between Physcomitrella
and Arabidopsis (Figure 35). This conservation suggested that we might find highly conserved
regions to clone that would hopefully recognized SLH1 in these two species (Figure 36, 37, and
38).

Percent Identity Matrix - created by
Clustal2
1: Sc 100.00 43.29 44.33 44.37
2: Hs 43.29 100.00 51.39 49.30
3: Pp 44.33 51.39 100.00 62.87
4: At 44.37 49.30 62.87 100.00
Figure 35: Results of the MUSCLE multiple sequence alignment
(http://www.ebi.ac.uk/Tools/services/rest/muscle/result/muscle-I20150316-173008-027166116851-es/pim) shows high amino acid sequence identity for SLH1 across four distinct
organisms. Homo sapiens (Hs), Saccharomyces cerevisiae (Sc), Physcomitrella patens (Pp), and
Arabidopsis (At). The highlighted region shows the percent conservation in Arabidopsis.
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Figure 36: The amino acid sequence for Region 1 (R1) selected in Arabidopsis (At) to produce
antiserum for SLH1. The highlighted area is R1 aligned in the four species used in Figure 35.
This data shows a high conservation which suggest the antiserum might recognize SLH1 across
these species.
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Figure 37: The amino acid sequence for Region 2 (R2) selected in Arabidopsis (At) to produce
antiserum for SLH1. The highlighted area is R2 aligned in the four species used in Figure 35.
This data shows a high conservation which suggest that the antiserum might recognize SLH1
across these species.
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AtSLH1
2171 AA, 244 kDa
R1
87-409

R2
1526-1740

1

2171

Figure 38: A cartoon of R1 and R2’s location on AtSLH1. R1 is near the N’ terminus between
amino acids 87 and 409. R2 is closer to the C’ terminus located between amino acids 1526 and
1740.

After the regions were selected and cloned they were tested via Western blots. Figure 39
shows that the antisera detect R1 and R2. On the gel below a clear band was seen at the 38 kDa
size for R1 and the 17 kDa for R2. Also the antisera do not cross react with each other.
However, the AtSLH1 protein isolated from a plant tissue has yet to be detected with a Western
blot. This may be because of its low expression (Figure 7) or because of its large size.
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Wt Slh1-1 Slh1-2
A
38 kDa
B
17 kDa

Slh1-3

R1

R2
αR1
1
αR2
1

Figure 39: Western blot analysis of the antiserums to detect R1 and R2. Bands of the
appropriate sizes were clearly present suggesting that the antiserums are working. A large 244
kDa band in Wt was expected as AtSLH1 but no such band has been seen. The letter A signifies
that R1 antibodies were used and B that R2 antibodies were used.
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DISCUSSION

This thesis had two main goals. The first was to test genetic interactions in Arabidopsis
between DRG, DFRP, and SLH1 genes and to examine mutants for possible phenotypes. The
hypothesis was that this interaction would exist as it does in yeast. The second was to create
antisera directed against AtSLH1 with which to study patterns of protein accumulation and the
physical interactions between the DRG, DFRP and SLH1 proteins.
Genetic Interactions Between DRG, DFRP, and SLH1: Genotyping lines from T-DNA
mutants suggested a genetic interaction between the SLH1 and the DRG and DFRP gene
families. First of all, no triple mutant sporophytes for either the drg1, drg2, slh1 or the dfrp1,
dfrp2, slh1 genotype was ever found. These results suggest that the deletion of these genes
causes a lethal phenotype. This was the case for all three slh1 mutant alleles (slh1-1, slh1-2, and
slh1-3), none of which yielded triple mutants. Triple dfrp1, dfrp2, slh1 were lethal as well as the
drg1,drg2,slh1 triple mutants . This suggests that DFRP as well as DRG genes have an
important interaction with SLH1. This also may suggest a physical interaction between the
products of these genes, or to carry out a function that is necessary for plant survival. It is
curious that the function of such different structured proteins would be genetically redundant.
Whatever the function of the proteins that these genes encode is, it is clearly important for the
viability of Arabidopsis sporophytes.
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The initial establishment of double and potentially triple mutant lines also shed light on the
nature of the triple mutant inviability. Figure 11 and Table 10 show how finding double mutants
heterozygous for the third allele were extremely difficult for they did not appear in expected
ratios. One possible explanation for the low number of mutant alleles is that the haploid
gametophytes have reduced viability. This data led to further experimentation into the nature of
the lethal phenotype.
To further test whether the lethal phenotype in triple drg1, drg2, slh1 and dfrp1, dfrp2, slh1
mutants are in fact due to an association of drg and dfrp with slh1, a similar DEAD-Box helicase
encoding gene called RCK was examined. Both drg1,drg2,rck and dfrp1, dfrp2, rck triple
mutants are viable and they exhibit phenotypes associated with double drg (12) or double dfrp
(ab) mutant lines combined with the single rck mutant phenotype (Figures 12 and 13).
Considering the high level of amino acid identity between RCK and SLH1 (Table 2) these data
suggest that the lethal phenotype triple slh1 mutants is in fact due to the loss of function of
SLH1.
Double Mutant Phenotypes: The drg1,slh1, drg2,slh, dfrp1,slh1 and dfrp2,slh1 double
mutants all were viable. Phenotype analysis suggested that a genetic interaction took place
between SLH1 and the DRG and DFRP gene families. Root size data (Figure 19) showed that
both double drg, slh1 and dfrp, slh1 double mutants, regardless of which drg or dfrp gene was
knocked out, exhibited a root length phenotype that was statistically similar to ab double dfrp
mutants. The same data pattern was seen for both slh1-2 and slh1-3 double mutant lines (Figure
18). This evidence supports the idea that the effects on root length is due to the double mutations
and that both slh1-2 and slh1-3 mutants are truly knocking out SLH1’s function. All double
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mutants also showed significant differences from wild type in hypocotyl growth (Figure 20).
Interestingly hypocotyl growth in both drg, slh1 and dfrp,slh1 double mutants actually surpassed
wild type, although not to the extent as the 12 double drg mutant control. With the exception of
as mutants (dfrp1, slh1), cotyledon diameter (Figure 21) phenotypes exhibited the same pattern
as root length, with all slh1 double mutants being similar to ab controls.
Many of the double mutant phenotypes are not readily apparent by simply looking at the
plants. By examining Figures 14 and 15, one can see that based on root lengths, hypocotyls, or
cotyledons it is difficult to distinguish double mutants from normal Arabidopsis. Unfortunately,
these results do not give us a good idea of exactly what process DRG, DFRP, and SLH1 genes
are involved in unless they are in fact involved in many different processes. No deformities were
observed in double mutant roots or cotyledons. In some cases, mutants knocking out
translational machinery show deformed pointy leaves (Roy et al. 2013). Slh1double mutants
were normal in shape. However, knocking out some translation associated genes also show
extremely subtle or no phenotype in Arabidopsis as well (Roy et al. 2013). Therefore, the
hypothesis that DRG, DFRP, and SLH1 are involved in translation has not been ruled out by
these results. The fact that hypocotyl growth is increased by double mutations in all gene
combinations examined was unexpected. Every other trait examined, including those in mature
plants, showed reduced size or a smaller amount of growth. When grown in darkness root length
patterns with double mutants were similar to ab (Figures 22). Yet, when hypocotyls were
examined under light conditions they were longer in double mutant lines, especially in 12 plants.
When grown in darkness, however, the hypocotyls grew similarly to roots and cotyledon size in
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all lines examined with sizes being similar to these of ab double dfrp mutants and 12 being the
shortest (Figure 23). This may be a phenomenon that would be interesting to examine further.
As the double mutant plants mature their growth phenotypes show similar statistical patterns
to the data seen in roots. Figure 24 shows that shoot length of the double slh1 mutants were
statistically similar to ab double dfrp mutants just as they were in root length. In fact, this pattern
continued from germination to senescence in all traits excpet hypocotyl growth. Rosette
diameter and the overall life span of the plants (Figures 25 and 26) also showed similar results.
The fact that measurable phenotypes were seen throughout the life of the plants suggests that
drg, dfrp, and slh1 may be regulating overall growth of the plant. Considering what is known
about yeast triple mutants this could be because of a translation deficiency. As the results in root
assays, no deformities or other differences occurred in any traits examined, with the exception
that the plants were slightly smaller in overall size (Figure 25). Thus, by visual examination it
would be very difficult to identify a slh1 double mutant from normal plants.
The subtlety and redundancy of the phenotypes among slh1 double mutants was an interesting
result. Recall that single mutants in drg and dfrp show no obvious phenotypes in Arabidopsis
(Nelson et al. 2009). When double mutants were produced, the phenotypes, although barely
noticeable, existed in Arabidopsis where as in yeast they did not (Daugeron et al. 2010). This
may suggest a more complex role for the DRG, DFRP, and SLH1 genes in a complex,
multicellular plant than in a simpler organism such as yeast. Unfortunately overall reduction in
growth did not suggest a clear possible function of these genes. The fact that these phenotypes
exist and are persistent, however, does suggest the importance of the process they are involved
in. Certainly it would be useful to continue examining the drg, dfrp, and slh1 genes.
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It is perplexing that all the double slh1 mutants exhibit a similar phenotype and, in particular,
that they were more similar to the ab double dfrp mutants. DRG1 and DRG2 are very similar
proteins and thus a redundant function or phenotype might be expected (Figures 3 and 4).
DFRP1 and DFRP2, however are very different from each other (Figures 5 and 6) except for the
“DFRP domain” that binds them to their respective DRG partner. It may be of interest to explore
the physical interactions between DFRP proteins and SLH1or the DRG/DFRP complexes, since
the observed phenotypes suggest that they are pivotal to normal growth in Arabidopsis.

Triple Mutant Analysis: Based on examining the distribution of mutant alleles and the
absence of triple mutant plants from both drg, slh1 and dfrp,slh1 mutant lines, it seems that the
triple drg1,drg2,slh1 and dfrp1,dfrp2,slh1 mutant sporophytes are in fact inviable. Examining
the siliques of the double mutant plants supports this observation. In Figure 29 we can see that
those double mutants that are expected to produce triple mutants have many missing seed
positions in their siliques. Double mutants homozygous that are wild type for the third allele all
showed similar seed numbers and silique length to ab double dfrp mutants or wild type.
Therefore it seems likely that the missing positions in double mutants segregating for one allele
are in fact aborted embryos resulting from a triple mutant lethal phenotype.
Those siliques with missing seed positions in the black box in Figure 29 show some unique
results. Curiously, the proportion of missing seed positions varies with genotype. The
photographs in Figures 31 and 32 comparing double mutant siliques show this difference as well.
For example, in 12’s and 1’2s double mutants 40% of their seeds are missing. We would expect

97

that segregating alleles would give around 25% aborted seeds. The double dfrp a’bs and ab’s
mutants have even fewer seeds per silique than the drg double mutants with ab’s missing 43%
and a’bs missing 46% of the seeds in their siliques. The low numbers of double mutants
segregating for one allele shown in Table 11 correlate to the low number of seeds present. This
suggests that a gametophyte deficiency is taking place in triple mutant embryo sacs, pollen, or
both.
The missing seed data also suggests that the triple dfrp1,dfrp2,slh1 mutation (abs) has a much
stronger effect on the gametophytes than the triple drg1,drg2,slh1 mutants (12s). The dfrp double
mutants heterozygous for one allele have significantly fewer viable offspring than their drg
double mutant counterparts. This may suggest that DFRP1 and DFRP2 are more important to
the function of a complex that may be formed by the proteins in question. In other proteins, the
CCCH domain contained in DFRP1 and the RWD domain in DFRP2, often link them to protein
partners or to nucleotides. Perhaps these domains link the DFRPs to SLH1 in some way. What
is surprising is the clear genetic redundancy that seems to manifest from such differently
structured proteins.
Figure 33 gives a clearer picture of what is going on inside the silique of a missing seed plant.
The embryos, if fertilized at all, are aborted at a very early stage in development. Figure 34
compares these aborted embryo to wild type approximately 2 days after fertilization, after which
the mutant embryos cease to grow. A typical Arabidopsis embryo is in its globular phase of
development at this point. This is a common phase for embryonic lethality as it represents a
critical point in development (Muralla et al. 2011). Therefore this data sheds little light on the
specific function of the genes. However, by examining the embryos in close detail it is clear that
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the missing seed positions represent embryos that were most likely aborted due the triple
mutation in drg/slh1 or dfrp/slh1 genes.
Gametophyte Viability: The low number of mutants containing heterozygous alleles and the
low number of seeds in double mutants that would produce triple mutants suggests deficient
gametophytes with reduced viability. At least some gametophytes (pollen, embryo sacs or both)
are viable, since they are the only source of mutant alleles that would appear in the sporophyte.
To examine gametophyte viability, we crossed mutant embryo sacs from all double mutants
heterozygous for one allele with wild type pollen. If the embryo sacs were viable then two-thirds
of their sporophyte children would show the presence of the recessive mutant allele. If the
embryo sacs are completely inviable then no mutant alleles would be present. Pollen viability
was examined in the same way except that double mutant pollen was used to fertilize wild type
embryo sacs. This data suggests that triple mutant gametophytes with either an abs or 12s
genotype have reduced viability (Table 11).
When the a’bs mutant (Table 11, cross I) was crossed with wild type pollen, the results in
two cases (Cross 1a and 1b) were roughly an even distribution of mutant alleles (1a=50%
1b=38%), which is what would be expected if the embryo sacs were viable. Crosses Ic-Ie, from
the same parents gave rise to no offspring bearing the third mutant allele. We would expect
some mutant alleles to be present if gametophytes were viable (Table 10). One explanation for
disparate results is experimental error or self-pollination. Arabidopsis flowers are small and
even a few pollen grains of a different genotype could contaminate the cross. This may have
occurred in some cases. With that in mind, however, overall there were very few mutant alleles
present in ab’s crosses with wild type pollen. When a’bs pollen was used for the cross (Table 11,
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II) no mutant alleles were found in the offspring at all in 5 replicate crosses. Table 10 shows
dfrp1 alleles in a’bs plants progeny occur only 8% of the time. Indeed entire trays of 72 a’bs F2
plants often contained no a’bs genotypes. Likewise, a’bs mutants had a very low number of
seeds per silique as well (Figure 29). All this evidence, combined with Table 11’s data, infers
that a’bs triple mutant pollen and embryo sacs have reduced viability.
The 1’2s double mutant cross data also suggest reduced gametophyte viability. Embryo sacs
seem to rarely survive based on data collected from 1’2s plants crossed with wild type pollen
(Table 11, cross III). Here, the percentages of mutant alleles ranged from 0-11% suggesting a
low proportion of viable embryo sacs. The 1’2s pollen seems to be more robust than a’bs but the
high number of F1 plants bearing mutant alleles seen in some experimentally may be the result
of self-pollination. The 1’2s mutants do produce a limited amount (22%) of 1’2s offspring
(Table 11) but not at as high a rate as a’bs. The 1’2s mutants also presents a higher number of
viable seeds in their siliques than a’bs. From this data, and from the cross data in Table 11, it
appears both embryo sacs and pollen grains are affected by the triple drg1,drg2,slh1 (12s)
mutation but not to as great an extent as the a’bs gametophytes.
The data from the ab’s mutants crossed with wild type differs from the 1’2s and a’bs data
(Table 11, V). Mutant alleles were quite common in ab’s progenies when crossed with wild type
pollen suggesting moderate embryo sac viability (21-50%). The ab’s pollen, however, has low
viability ranging from (18-28%) but not as low as a’bs or 1’2s crosses described above. Table 11
shows that 26% of plants examined contained mutant alleles suggesting limited gametophyte
viability from the numbers of ab’s plants present in the F2 generation. However, the ab’s
siliques are missing more seeds on average than any double drg mutant line. This might lead us
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to suspect that it would have lower gametophyte viability, but the data in Table 11 conflicts with
this idea. The ab’s mutants gametophytes may be quite interesting to study further.
The data collected for 12’s mutant crosses also differs from the 1’2s and a’bs data. In some
cases there was low viability (4-8% in crosses 7c, 7e, 7f) but also in other cases many mutant
alleles were present in the F1 plants. (17-72% Table 11, crosses VII, VIII). Table 10 shows that
12’s mutants segregated almost normally with 43% of their progeny being the 12’s genotype.
Also 12’s siliques contained more seeds than any other double mutants that were segregating for
a third allele (Figure 29). Why the presence of DRG2 would afford a greater survival rate in
pollen and embryo sacs is unknown. DRG2 is very similar to DRG1 and so a redundant function
would not be surprising. If the genetic interactions between the DRG1, DRG2, and SLH1 is not
redundant in haploid plants but are in the sporophyte leads to many perplexing questions.
Perhaps it has to do with the DFRP binding partners however. DFRP1 and DFRP2 are quite
different outside the DFRP domain. Further inquiry into how they physically interact with SLH1
may fill the piece in this puzzle.
The question of gametophyte viability opens up may options to explore in the future. It may
be interesting to create different combinations of triple mutants to see their effects in
Arabidopsis. Perhaps, for example, a mutant with a drg1,dfrp2,slh1 genotype may be viable and
have an obvious effect on the plant. Or it may be inviable. Studying these mutants may give
insight on how the DRG, DFRP, and SLH1 genes interact with each other. Further studies on
different combinations of these genes may provide clues to why this may be.
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Considering that the viability of haploid gametophytes is reduced it may be of interest to
study the pollen and embryo sacs of mutant plants as well. Phenotype observations might show
that a key stage in development is affected in gametophytes and give clues to the function of
these proteins. Likewise, because of the high conservation of all the genes studied here, it may
be profitable to examine a different plant that has a dominant gametophyte. Physcomitrella
patens, a moss, is a powerful model organism, in part because it is easy to transform and easy to
handle in a lab. If moss gametophytes, are those viable as in Arabidopsis, moss may be a better
system to study the relationship of DRG, DFRP, and SLH1 genes. Whatever purpose DRG,
DFRP, and SLH1 genes serve in life, the data presented here suggests that having them is vital to
life. Future genetic experiments on gametophytes may shed light on what that purpose is.
Physical Interactions:

Rabbit antisera directed against two regions of the SLH1 protein

(R1 and R2) were made. Each antiserum detected the cloned R1 and R2 peptides but showed no
cross-reactivity with the other peptide (Figure 39). Wild type plants were expected to contain a
244 kDa band representing SLH1, but such a band was not detected (not shown). SLH1 may be
difficult to detect because of its large size. Attempts at using low percent acrylamide gels, longer
transfer times, different transfer buffer mixes, and checking stacking gels to detect SLH1 have
failed thus. Another reason we are unable to find this large protein may be because of its low
expression in the cell. Figure 7 micro array data shows SLH1 as having very low mRNA levels
in all tissues. Flower and seed tissues were expected to have relatively high levels of SLH1.
Perhaps using these tissues would allow us to detect it. Since DRG proteins have been shown to
associate with ribosomes in Arabidopsis perhaps SLH1 does as well. If this is the case then
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fractions enriched in ribosomes may have higher proportions of SLH1. The Stafstrom lab plans
such an experiment as the next step in examining SLH1.
Once SLH1 can be detected in normal tissues many experiments could be done to shed light
on its physical interactions in the cell. GFP tags could be put on SLH1 to see where it localizes
in the cell. It may be of interest to see if SLH1 physically interacts with the DRG and DFRP
proteins. Perhaps SLH1 only binds to DFRP1 or DRG2. Such information could help to
decipher the place of SLH1 in the “DRG pathway”. Yeast two hybrid experiments might reveal
where any of these associations exist or identify other proteins that associate with SLH1. SLH1
cotains a Brl domain, which might allow it to interact with the endoplasmic reticulum (ER) as
this domain has been shown to exist in proteins that are responsible for translocation across it
(Jermy et al. 2005). Since DEAD-Box helicases are RNA interacting proteins, it may be useful
to discover if SLH1 is localized in the nucleus or elsewhere. Subcellular fractionalization
experiments would be one way to find out where SLH1 is localized. Another option for
examining SLH1 could be overexpression experiments.
Further physical analysis on the DFRP proteins may also be useful, considering DFRP1 or
DFRP2 need to be present in absence of SLH1 for the plant to survive. Mutations of the specific
RWD domain in DFRP2 or the CCCH domain in DFRP1 may have an effect on the plant. To
date, DRG2 and DFRP2 have not been crystallized, nor has SLH1. Another avenue would be to
find an Arabidopsis ortholog for GCN1, which associates with the DRG2/DFRP2 complex in
yeast (Ishikawa et al. 2014). Similar amino acid starvation experiments that have been done in
yeast may also reveal new insights if done in Arabidopsis or Physcomitrella. If DRG, DFRP and
SLH1 regulate energy balance (or respond to it) in stressful situations that may explain the
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reduced level of polysomes found in triple mutant yeast. Perhaps the polysomes cannot be
recruited because the energy for them form in not present when DRG, DFRP, and SLH1 gene
products are lacking.
DRG, DFRP and SLH1 have been shown in yeast to interact genetically. Now, similar
interactions have been demonstrated in Arabidopsis as well. Whereas the triple mutant in yeast
is viable, the effect is much more severe in a complex multicellular plant. Still, due to the high
conservation of these proteins, it is likely they are playing similar roles. Thus, examining SLH1s
association with translation regulation genes and with ribosomes will be the high priority. Now
that we have antisera that can SLH1, it will be easier to further explore the enigmatic roles of
DRG, DFRP and SLH1 proteins function.
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